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Vivarium Lighting as an Important Extrinsic 
Factor Influencing Animal-based Research
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Light is an extrinsic factor that exerts widespread influence on the regulation of circadian, physiologic, hormonal, metabolic, 
and behavioral systems of all animals, including those used in research. These wide-ranging biologic effects of light are 
mediated by distinct photoreceptors, the melanopsin-containing intrinsically photosensitive retinal ganglion cells of the 
nonvisual system, which interact with the rods and cones of the conventional visual system. Here, we review the nature of 
light and circadian rhythms, current industry practices and standards, and our present understanding of the neurophysiology 
of the visual and nonvisual systems. We also consider the implications of this extrinsic factor for vivarium measurement, 
production, and technological application of light, and provide simple recommendations on artificial lighting for use by 
regulatory authorities, lighting manufacturers, designers, engineers, researchers, and research animal care staff that ensure 
best practices for optimizing animal health and wellbeing and, ultimately, improving scientific outcomes. 

Abbreviations: bLAD, blue-enriched LED light at daytime; Clock, circadian locomotor output kaput; CCT, correlated color 
temperature; CWF, cool white fluorescent; ipRGC, intrinsically photosensitive retinal ganglion cell; HIOMT, hydroxyindole-O-
methyltransferase; LAN, light at night; LED, light-emitting diode; PLR, pupillary light reflex; SCN, suprachiasmatic nuclei; SPD, 
spectral power distribution 
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Introduction
An extrinsic factor in animal-based research is an en-

vironmental  feature like noise, temperature, vibration 
and humidity. Like these, light is a fundamental extrin-
sic factor that should  be  considered in the design and 
operation of animal research facilities. The profound ef-
fect of light on circadian behavior and physiology is well 
established.61,78-85,114,151,161,175,207,221,239,251,265-268,294,307,320,322,364 
During the past 3 decades, empirical evidence has shown that 
all life varies in a species-specific manner in the capacity to use 
visible and nonvisible photic energy.137 Light supports vision 
that allows animals to see and navigate their surroundings, but 
light also functions below the level of consciousness, regulating a 
range of metabolic and physiologic responses that oscillate with a 
24-h rhythm throughout the day (i.e., circadian rhythm).43 Minor 
alterations in light intensity,39 spectral quality,37 and duration38 at 
a given time of day can alter or disrupt the circadian regulation 
of neuroendocrine, neurobehavioral, metabolic, and physiologic 
parameters that are associated with animal health and wellbe-
ing and, ultimately, scientific outcomes. Locomotor activity and 
sleep are the behaviors with the most obvious circadian rhythms. 
However, hormones (including melatonin, corticosterone, and 
insulin), core body temperature in endotherms, metabolism, 
immune function, and many other metabolic, physiologic, and 
behavioral processes also have rhythms that are regulated by 
the light–dark cycle.77,81,84,127,177,264,284,286,350,352,365 Inaccurate 
measurement and reporting of light and inappropriate species-
specific lighting protocols in an animal facility may present 

both a potential source of unrecognized animal distress and a 
significant confounding variable in scientific studies, thus un-
dermining the 3Rs of refining animal models and reducing the 
numbers of animals used in biomedical research,79,102,137 while 
also compromising reproducibility, transparency, and account-
ability in research studies.63

Artificial light emitted by a variety of current lighting tech-
nologies has a substantial influence on neurobehavioral and 
neurophysiological responses in research animals.77,79,118,205,206 
Light is the most influential and potent regulator of circadian 
clocks, and circadian rhythmicity is an integrating feature 
of nearly every physiologic, metabolic, and behavioral sys-
tem that brings a multitude of biologic processes under 
retinal control.8,48,126,136,165,179,198,219,220,278,360,362,367 Animals 
exposed to inappropriate light intensity, wavelength, or 
duration at a given time of day are at major risk for circadian 
disruption.37-41,49,52,64,65,74,75,77-85,114-117,125,136,137,141,153,154,181,191,236 
The current edition of the Guide for the Care and Use of Laboratory 
Animals156 (the Guide) provides 28 references (21 prior to 1995) 
associated with light and lighting protocols. The Guide cautions 
that inappropriate lighting and lighting protocols may result in 
blindness or undue stress in research animals and can distort 
research outcomes.27,61 However, the Guide provides only limited 
guidance on how to manage light and lighting protocol concerns 
and focuses primarily on rodents (particularly Sprague–Dawley 
rats) based on lighting information available prior to 1985 and 
knowledge of the primary optic tract and related phototoxic 
retinopathy studies.27,61 The Guide briefly mentions light’s influ-
ence as related to husbandry, pigmentation, circadian rhythms, 
body temperature, hormonal status, reproductive activity, age, 
species, sex, stock or strain of animals, eating, low-light levels, 
and cage position.9,38,39,56,96,130,132,163,239,282,290,292,293,295,297,313,314 
Indeed, the current 2011 edition of the Guide makes only brief 
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mention of the nonvisual system as it pertains to rodents.28,137 
Furthermore, little to no mention is made of the lighting 
technologies currently in use or even of the rapidly emerging 
light-emitting diode (LED) technology. In fact, little information 
is currently available regarding the effects of daytime exposure 
to LED lighting on either humans or research animals.77

The traditional objectives of lighting pertaining to both 
human and animal physiology and behavior, as stated in the 
Guide, were established by the lighting industry’s Illuminating 
Engineering Society of North America153,154 and International 
Commission on Illumination,64,65 both established in the early 
20th century. Their objectives include: (1) lighting must be opti-
mal for visual performance; (2) lighting must permit aesthetic 
appreciation of space and the environment; (3) lighting must 
be visually comfortable; and (4) lighting must conserve energy. 
Generally speaking, the first 3 objectives are reasonably easy 
to achieve by using any of the technologies currently available, 
with the current solid-state LED technology arguably being the 
most versatile, energy efficient and cost effective as compared 
with other technologies.

The US National Institutes of Health Design Requirements 
Manual232 is another resource that is often used by research 
facilities, particularly for NIH funded intramural and extramural 
projects. However, the manual focuses on construction-related 
concerns. That said, the manual specifically states that it follows 
the specifications established by the Illuminating Engineering 
Society. These established specifications also apply to the US 
Department of Energy with regard to community lighting 
concerns.333 The general requirements are human-specific and 
deal with uniformity of lighting, including glare, shadows, 
unbalanced brightness in the workplace, and vertical surface 
illumination with light levels determined on the basis of comfort 
and the visual task involved. The intensity of lighting for hu-
mans for offices and research animal housing and support areas 
ranges between from 270 to 540 lx (110.2 to 220.4 µW/cm2). Light 
uniformity is based on human perception of intensity and is 
measured in lux (illuminance), as a ratio of how light is evenly 
distributed on the ground compared with the light source above. 
The closer this ratio is to 1, the more evenly distributed and 
perceived the light is, and the better the uniformity. Minimum 
average light levels (with uniformity ratio of 3:1 or lower) are 
set as follows: animal facilities housing rodents, 270 to 810 lx 
(110.2 to 330.6 µW/cm2); animal facilities housing NHP, 540 
to 810 lx (220.4 to 330.6 µW/cm2); facilities housing aquatic 
species, 540 to 800 lx (220.4 to 330.6 µW/cm2); animal surgery 
rooms, 2200 lx (898.0 µW/cm2); procedure rooms, 1075 lx  
(438.8 µW/cm2); cage wash areas, 430 to 540 lx (175.5 to 220.4 
µW/cm2); feed and bedding storage areas: 160 to 270 lx (64.0 
to 110.2 µW/cm2); and facility corridors, 160 to 270 lx (64.0 to 
110.2 µW/cm2). Little to no information is provided regarding 
fluorescent lighting technology or species-specific lighting 
(wavelength, intensity, duration requirements); LED lighting 
technology is only briefly addressed.

This scarcity of information translates to an inability of re-
searchers and animal husbandry personnel to access guidance 
on how to deal with light and lighting protocol concerns, what 
to measure, how and why to measure, and what factors to avoid, 
such as exposure to light at night (LAN). Given that other au-
thors have reviewed the many problems associated with light 
and lighting protocols in the vivarium,38,79,102,205 the purpose 
of this overview is to propose a series of light measurement 
practices that can provide conservative guidance for facility 
management and research investigators.

In this review, we discuss the influence of light on circadian 
rhythms; current lighting industry standards and practices 
for appropriate light measurement in the vivarium; current 
understanding of the visual and nonvisual systems; recent 
findings on the effects of extrinsic light exposure on research 
animals; evolving light-measurement strategies (metrics), 
taking into account the complex nonvisual photoreceptive 
inputs for visual and nonvisual responses to light; and sim-
ple recommendations for modifying research animal holding 
facilities and improving practices to enhance the control of 
lighting and light–dark cycles. These recommended improve-
ments and practices are conservative and easy to achieve with 
minimal resources and planning, and are consistent with the 
best interests of the Guide for the Care and Use of Laboratory 
Animals (the Guide),157 Animal Research: Reporting of in Vivo 
Experiments (ARRIVE) Guidelines,247 the Concordat on Openness 
in Animal Research,66 the 3Rs,281 and the recent NIH mandate 
regarding reproducibility, transparency, and accountability in 
research.63 We further suggest that these improvements and 
practices should reduce experimental variability, increase 
reproducibility, reduce the number of animals used, enhance 
the health and wellbeing of research animals, and improve 
scientific outcomes.

Light and Circadian Rhythms
All humans and most animal species evolved under a major 

geophysical event, that is, the rising and setting of the sun. For 
thousands upon thousands of generations, our bodies were 
exposed to the presence and absence of light on a daily basis 
and to the waxing and waning of light through the seasons. 
Mammals have developed an internal mechanism to respond 
to light and darkness that is profound in principle and that 
influences the nervous and endocrine systems throughout the 
24-h day (Figure 1). In fact, according to current knowledge, 
extrinsic light and light–dark cycles regulate in major ways 
just about every biologic rhythm in mammalian systems from 
birth to death.43,136,137,300,344 These mechanisms extend to al-
most all animals maintained in research facilities around the 
world. The 4 basic types of biologic rhythms are: 1) circannual 
rhythms with a cycle of about 1 year, such as migrations and 
hibernations; 2) infradian rhythms, with a cycle shorter than a 
year but longer than a day, such as the female menstrual cycle; 
(3) ultradian rhythms, with cycles shorter than a day, like sleep 
cycles and eating cycles; and, (4) circadian rhythms, the focus 
of this overview, which have a cycle of about 24 h daily, such as 
the sleep–wake cycle, body temperature, and neuroendocrine 
hormones (e.g., melatonin), as well as many of the other rhythms 
shown in Figure 1. The advent of electrical lighting technol-
ogy has disrupted this relationship in both humans and wild 
animals, and its influence is no less important to animals in the 
so-called ‘controlled’ setting of the vivarium. Incorporating the 
nonvisual effects of light into considerations of vivarium design 
is likewise important. For example, one might query the extent 
to which a given architectural design replicates the biologic 
effects of natural daylight such as the emerging, blue-enriched 
light-emitting diode (LED) light technology,77,80,81 how lighting 
can be used to minimize the deleterious effects of LAN, and 
how lighting technology can best be employed to enhance the 
health and wellbeing of research animals.

Current practices for light measurement.  The lighting  
industry, laboratory animal science and biomedical re-
search communities have begun to address many of the 
issues associated with light, lighting technologies, and light 
protocols.77,79.201-205 Progress in these endeavors, however, 
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first requires appropriate quantification of how light 
affects physiology and behavior. Generally speaking, light 
measurement techniques fall into 2 categories: radiometry and 
photometry.205 Radiometry encompasses the physical proper-
ties of light wavelength and energy. A radiometer quantifies 
radiant power over a defined bandwidth of electromagnetic 
energy. Photometry is a specialized branch of radiometry 
that accounts for the fact that biologic photoreceptors are not 
equally sensitive to all light wavelengths. A photometer is a 
radiometer that uses filters to weight the detector response to 
different wavelengths according to the spectral sensitivity of 
an aspect of animal vision. Most commercially available pho-
tometers employ a weighting function, the photopic luminous 
efficiency function (νλ), which reflects the spectral sensitivity 
of the long- and middle-wavelength–sensitive cones.64,65,205 
Depending on the geometric properties of interest, luminous 
intensity (unit of measure, candela [cd; lumens/steradians 
{lm/sr}]), luminance (cd/m2), or illuminance (lux [lx; lm/m2]) 
can be determined from the output of these devices. During 
the 1980s through 2000, the vast majority of both human 
and animal research studies on circadian, neuroendocrine, 
and neurobehavioral responses to light quantified stimuli in 
terms of photopic illuminance,201-205 because light meters that 
measured in lux were inexpensive and readily available. Two 
branches of investigation, however, subsequently have shown 
that this practice is inadequate.

First, during the past 20 y, scientists have learned that al-
though the photoreceptive capacity of the retina is dominated 
by rods and cones, a small subset of the retina’s output neurons 
(i.e., retinal ganglion cells) also are directly photosensitive 
(Figure 2).28,142-144 Most aspects of animal physiology and behav-
ior are influenced by retinal illumination, but they are distinct 

from the general aspects of vision,12,13,178,351 because they are not 
related to spatial patterns of light exposure and persist even in 
animals that are blind.204,205,307

Second, empirical observations have shown that circadian, 
behavioral, and physiologic responses to extrinsic light have 
distinct spectral sensitivities. More than 12 analytic spectra and 
many studies based on selective wavelength comparisons in 
humans, NHP, and rodents demonstrated that peak sensitivities 
in the short-wavelength portion of the visible spectrum (447 to 
484 nm [blue-appearing]) 28,41,42,202,277,323,366 clearly diverge from 
that predicted by νλ (peak sensitivity, 555 nm).

Taken together, these findings indicate that established 
photometric light measures using the νλ spectral weighting 
function, such as photopic lux, are inadequate for quantifying 
the light that regulates nonvisual physiology and behavior.156 

An alternative method is not currently available; this unfilled 
need has important ramifications for research animal and 
biomedical research communities. The lack of an accepted 
metric—an agreed-upon method—for the measurement of 
light complicates the comparison of research findings and 
the replication of experimental conditions. Furthermore, this 
deficiency hinders the ability of the lighting industry and 
regulators to predict the influence of various lighting proto-
cols on behavioral and physiologic systems. The fundamental 
obstacle in addressing this requirement has been the difficulty 
in determining a spectral weighting function (similar to νλ) for 
nonvisual responses.205 Understanding the full scope of this 
challenge requires a review of our current knowledge of the 
visual system and, more importantly, of basic neurophysiology 
of intrinsically photosensitive retinal ganglion cells (ipRGC) 
and their interactions with the classic rods and cones of the 
visual systems.

Figure 1.  Circadian rhythms with a cycle of about 24 h per day. This figure is presented with permission from the American Association for 
Laboratory Animal Science.
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The Visual and Nonvisual Systems
The mammalian visual and nonvisual systems have been 

investigated extensively in the context of neurobiology and 
disease (Table 1). Over the past several decades, most of the 
major advances in our understanding of both systems in re-
sponses to light have involved rodents, but all animals used in 
research share similar ocular architecture and responses, which 
we summarize here, along with practical recommendations for 
husbandry and research.

Light enters the eye and passes through the lens to stimulate 
the retina. The retina is a layered structure, and light must first 
pass through the inner retinal layer to reach the light-sensitive 
photoreceptors in the outer retina (Figure 2). The retinal photo-
receptor layer of the eye contains rod and cone photoreceptors, 
which respectively mediate scotopic (low light) and photopic 
(bright light) vision via the primary optic tract. In most mam-
mals, including nocturnal rodent species (the most widely 
used for animal research), the retina is rod-dominated, with 
approximately 6.4 million rods that account for approximately 
97% of photoreceptors.88,182 Conversely, the retina contains 
only about 200,000 cones, thus accounting for less than 3% 
of the photoreceptor mileau.246 Unlike the primate retina, the 
mouse retina does not have a fovia centralis, or central region, 
that contains the highest cone density and lacks rods and other 
neurons. That said, the densities of rods and cones peak in 
the area centralis, the broad central region that contains fewer 
receptors than the fovea but more than the peripheral parts 
of the eye, and decrease peripherally around the retina. Peak 
rod density in mice is about 100,000/mm2, whereas peak cone 
density is approximately 16,000/mm2, which is comparable to 
that of humans, NHP, and cats.182

The photoreceptor outer segment is the location of the light-
sensitive visual pigments, which are transmembrane proteins 
comprising an opsin protein bound to a light-sensitive vitamin 

A–based chromophore, 11-cis retinal.148 Absorption of light 
photons leads to isomerization of the 11-cis retinal to an all-trans 
state, resulting in a conformational change in the opsin and al-
lowing activation of the G-protein transducin. Once activated, 
transducin subsequently leads to activation of phosphodiester-
ase that, in turn, hydrolyzes cGMP, a serine/threonine-specific 
protein kinase, into GMP. This step results in the closure of cyclic 
nucleotide–gated ion channels and hyperpolarization of the 
photoreceptor cells. Photoreceptor cells are depolarized during 
the dark phase and constitutively release glutamate, effectively 
reducing their output signal.14,103,178

The retinas of rodents, particularly mice, contain 3 visual 
pigments: a rod opsin with a peak sensitivity (λmax) at 498 nm 
and cone opsins that are sensitive to middle-wavelength (λmax,  
508 nm) and UV (λmax, approximately 360 nm) light.47,93,159,160 
Due to this UV-sensitive pigment, mice show a greater sensitiv-
ity to UV light than do humans.159,160,310,337 In addition, unlike 
humans and other mammals, mice lack a long-wavelength opsin 
and thus are less sensitive to longer wavelength light. A com-
mon misconception is that mice cannot perceive red-appearing 
light in the visible spectrum.83,246 For example, humans are 12 
times more sensitive to a red-light stimulus of 600 nm than are 
mice.246 However, this characteristic does not mean that mice 
cannot detect such light via both the visual and nonvisual sys-
tems. When such light is of sufficient intensity and duration, 
both photoptic systems that regulate the circadian rhythms 
of metabolism and physiology in mice are quite capable of 
responding to such long-wavelength light.83,240,241,246

The nonvisual system, which consists of the retinohypotha-
lamic tract emanating from the ipRGC of the retina, controls 
circadian rhythms of metabolism and physiology via light 
and light–dark cycles. This system was not discovered until 
2003 (Figure 2).28,144 These unique ganglion cells achieve their 
intrinsic photosensitivity through the expression of the opsin 

Figure 2.  The human retina and eye. The ocular structure of most species follows similar characteristics in both sexes. The retina is a layered 
structure; light passes through the lens and inner retinal layers (retinal ganglion cells, amacrine cells, bipolar cells, and horizontal cells) to reach 
the light-sensitive photoreceptors in the outer retina (rods and cones). The retina contains 2 classes of visual photoreceptor: rods, which mediate 
low-light (scotopic) vision, and cones, which mediate bright-light (photopic) vision and provide color vision. Most mammals have 3 cone opsins, 
short wavelength (SWS), middle wavelength (MWS), and long wavelength (LWS)–sensitive opsins, except for mice, which have only 2 opsins 
(SWS and MWS). However, in 95% of cones, these opsins are coexpressed. In addition to rods and cones, a subset of ganglion cells containing 
the pigment melanopsin, referred to as melanopsin-containing intrinsically photosensitive retinal ganglion cells (ipRGC), capture light in the 
blue-appearing portion of the visible spectrum and mediate many nonvisual responses to light. This figure is presented with permission from 
the American Association for Laboratory Animal Science.
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Table 1.  Selected articles addressing the effects of light on animal biology and health

Species Research areas or effects References

Homo sapiens Bright light and melatonin secretion 190
Light and biologic rhythms 13
Bright light and the human circadian pacemaker 75
Monochromatic light and plasma melatonin levels 40
Light, melatonin, and breast cancer 147
Melanopsin 257
Temperature 365
Action spectrum of melatonin suppression 42
Shift work, light at night, and breast cancer 86
Photopigment and melatonin suppression 326
Light at night and breast cancer 32 and 33
Phototransduction and circadian clock 28
Spectral responses and the circadian system 128
Melanopsin-containing retinal ganglion cells 142–144
Phase response curves and single bright exposure 168
Distinct population of intrinsically photosensitive 76
Melatonin receptors and sleep 95
Light and neuroendocrine or neurobehavioral regulation 136
Measuring and using light 205
Seasonal light circadian entrainment and health 317
Light exposure devices and nighttime sleep disorder 335
LED and physiology 243
Seasonal clock, ulcerative colitis and Crohn disease 107
Recommendations for light exposure and sleep 49

Macaca mulatta Light pupillary reflex 256
Ganglion cells, visual and nonvisual systems 76
Light or melatonin shifts circadian rhythms 215
Light, aging of circadian rhythms 370

Callithrix jacchus Recommended daytime light levels and health 307
Saimiri sciureus Light and circadian rhythms of locomotor activity 330
Equus ferus Chronobiology in horses 229

Light effects on circadian rhythms and health 230
Bos taurus Melatonin isolation 185

Effects on neuroendocrine and neurobehavior 196
Sus domesticus Light intensity, circadian rhythms, and health 132
Capra hircus Light and reproduction 58

Light cycles and health 248
Ovis aries Melatonin analysis 9 and 10

Photoperiodism and seasonal breeding 30
Light cycle effects on reproduction and health 237

Canis familiaris Light and circadian profiles 249
Felis catus Varying photoperiods and neurohormone concentrations 191
Microcebus murinus Light and reproduction 187
Mesocricetus auratus Adrenocortical cytogenesis 270

Hypothalamic activity of luteinizing hormone and follicle-stimulating hormone releasing 
hormones

31

Different light spectra and pineal melatonin 37
Light irradiance, wavelength, and reproduction 39
Photoperiod and reproduction 56
Light and melatonin suppression 255
Photoreceptors and circadian rhythm entrainment 319
Light and circadian phase shifting 304
Photoperiods, circadian rhythms, and depression 29

(continued)

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



8

Vol 62, No 1
Journal of the American Association for Laboratory Animal Science
January 2023

Rattus spp. Constant light and pituitary function 182
Light and body temperature entrainment 218
Light and pineal gland serotonin levels 170
Retinal photopigment that mediates pineal response 52
Hormonal influence in phototoxic retinopathy 238
Light and phototoxic retinopathy 27
Pinealectomy and melatonin suppression 189
Photoperiodic control of reproduction 234
Ambient light intensity and melatonin rhythm 208
Light and phototoxic retinopathy 61
Light in summer and winter 151
Diurnal susceptibility to phototoxic retinopathy 96
Cyclic light threshold and photoxic retinopathy 294
Light illumination in animal quarters 38
Preference for low-light intensities 290 and 291
Phototoxic retinopathy 22
Phototransduction in ganglion cells 28
Light effects on heart rate 15
Animal facility light at night and human cancer growth 78
Light at night, Warburg effect, and breast cancer 34
Melatonin suppression of breast cancer 212
Daytime blue-light exposure and prostate cancer 81
Degenerative retinal lesions 362
Daytime LED light and enhanced animal health 80
Facility lighting and circadian regulation 137
Melatonin inhibition of multiple diseases 273 and 274

Mus spp. Low-light intensity preference 346
Light influence on organ weights 282
Light and circadian entrainment 98
Light and genetic control of melatonin synthesis 99
Melatonin control in various mouse strains 129
Photoreception in the retinally degenerate mouse 117
Nutrient preference 16
Melatonin and metabolism 167
Phototransduction by retinal ganglion cells 28
Melanopsin and rod–cone photoreceptive systems 144
Diminished pupillary response 203
Light and circadian wheel-running behavior 109
Diurnal variation and inflammation 213
Light, rods and cones, and sleep modulation 4
Light, age, and sleep 140
Aberrant light impairment of mood and cognitive behavior 184
Light, melanopsin measurement 205
Light and feeding behavior 296
Modulation of memory performance by light 324
Light and laboratory mice 246
Facility LAN alters scientific outcomes 102
Daytime LED light promotes health and wellbeing 77

Octodon degus Photoperiods and seasonal affective disorders 14
Suncus etruscus Recommended light levels for healthy maintenance 122
Aves Photoperiod and circadian rhythms 133

Photoperiod and endocrine patterns 134
Circadian melatonin profile 135
Light, circadian rhythms, and energy 353

(continued)

Table 1.  (Continued)

Species Research areas or effects References

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



9

Vivarium lighting as an extrinsic factor

photopigment melanopsin, which absorbs light primarily in 
the blue-appearing portion of the visible spectrum (564 to  
582 nm).257,258,283 Melanopsin-containing ipRGC comprise 
only a small portion of the overall ganglion cell population 
(1% to 5% depending on the species and estimation method-
ology) but they project to all major portions of the brain via 
the retinohypothalamic tract, including those with nonvisual 
responses.49,100,101,128,138 At least 5 subsets of ipRGC have been 
identified (4 in the case of nonprimates);28 their concentrations 
are species-dependent and have been described to date only in  
humans, NHP, and rodents.28,142,143,204,205,246,350 The response to 
light response of ipRGC is an irradiance-dependent increase 
in photic activation;, and their downstream responses are 
activated by much lower levels of illumination than classic 
rods and cones.204 Specific ablation of ipRGC only abolishes 
nonimage-forming responses, identifying this cell class as 
the principal conduit of photic input to circadian and other 
systemic responses to light.49,100,128 Indeed, ipRGC can detect 
light when isolated from the retina proper, thus explaining why 
the photosensitivity of these cells survives loss of functional 
rods and cones28,114,128,202,366 and why the spectral sensitivity of 

nonimage-forming responses is different from that of rod- or 
cone-based vision.28,74,75,114,202,366

In all mammals, light provides the principal cue for entrain-
ing the circadian system.161,267 The photoreceptors mediating 
this process are exclusively ocular, and enucleation eliminates 
all responses to light.115,234 However, circadian photoreception, 
phase-shifting, and suppression of pineal melatonin responses 
to light are sustained even in the absence of rods and cones 
and when animals are visually blind.246 Indeed, all mammals 
sustain circadian entrainment, suppression of melatonin, 
and preservation of neuroendocrine and neurobehavioral 
responses to light via the nonvisual melanopsin-containing 
ipRGC cells,257,258 which are directly photosensitive and project 
via the retinohypothalamic tract to the anterior basal portion 
of the hypothalamus. The hypothalamus is the site of the 
suprachiasmatic nuclei (SCN), which comprise the master 
circadian oscillator in mammals.28,142 The SCN project over 
a polysynaptic pathway to the pineal gland, thereby driving 
a series of molecular events that lead to the production of 
pineal melatonin (N-acetyl-5methoxytryptamine) primarily at 
night.151,221,223 The daily rhythmic melatonin signal contributes 

Gallus gallus Dim light, melatonin, metabolism 1
Food consumption and growth 51
LED light and health 197
Monochromatic light and immune response 361

Reptillia Light, melatonin, and circadian rhythms 105
Designing environments, photoperiods, and health 89
Light and pineal melatonin secretion 224
Moonlight and behavior 347
Photoperiods and healthful development 123

Rana spp. Isolation of melatonin 186
Amphibia Light, temperature, and body mass 46

Breeding behavior 19
Light, circadian rhythms, and health 345
Light at night and circadian disruption 113

Nauphoeta cinerea Photoperiod-dependent pheromone suppression 173
Danio rerio Sleep and regulation 370

Light-induced gene transcription 348
Light, gene expression, and sleep 306
Lighting conditions and gene expression rhythms 92
Light-entrainable circadian pacemakers 225
Light, spatial distribution, and swimming behavior 296
Responses to ambient illumination 298

Leucophaea maderae Light, circadian oscillations, and homeostasis 253
Drosophila melanogaster Circadian systems 252

Molecular genetics, circadian cycling, and behavior 20
Visual system mutations and circadian rhythms 97
Light, Per gene, and circadian cycling 136
Light and entrainment of the circadian clock 231
Light regulation of circadian clocks 115 and 116
Light and circadian rhythms 367
Circadian rhythms and feedback loops 278

Onchidium reevesii Light, circadian rhythms, and memory 362
Eylais extendens Periods of light and hatching larvae 368
Enterobacter aeroegenes Circadian clock and light 245

Table 1.  (Continued)

Species Research areas or effects References
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to the temporal coordination of normal behavioral and physi-
ologic functions including sleep–wake,110,121,199,221,306,315,330,369  
cognitive performance,118 and reproductive59,265 cycles; im-
mune function;24,25,54,93,192,209,210,266 gene expression;55,71,155,325 
hormone levels;87,152,158,164,176,194,233,260,303,321,326,332,340-342 tem-
perature regulation;110,263,365 electrolyte balance;119,329 glucose 
metabolism;90,188,311,333,334 neural protein synthesis;18,299 and 
redox states,259,271 and melatonin has remarkable antioxidant 
properties.323 Although ipRGC can mediate nonvisual responses 
to light in the absence of rods and cones, functional rods and 
cones contribute to these responses under normal circum-
stances. However, if rods, cones, and melanopsin-containing 
ipRGC are lost, then all responses to light are abolished.28,242 
These  responses to light include circadian entrainment and 
pupillary light responses,60,120,256 pineal melatonin suppres-
sion,227,228 acute activity suppression,144 sleep,5,77,81,84,207,226,250 
mood and cognition,184,324 adaptation of visual pathways,205,246 
and other important responses influencing animal health and 
wellbeing (Table 1).

The pupillary light reflex (PLR), a well-understood melan-
opsin-ipRGC–driven response, controls the amount of light 
reaching the retina by a simple, well-characterized pathway 
that links a sensory signal and light irradiance to the motor 
output of pupillary constriction.60,120,205,219,256, Data from both 
animals and humans show that rods, cones, and ipRGC all 
participate in the PLR and that their contributions are variable 
depending on light intensity and spectral content; however, 
the ipRGC are spectrally distinct photoreceptors and their 
‘firing rate’ is sensitive to even a few photons of light, which 
drives the PLR and ultimately most physiologic and behav-
ioral responses to light.49,60,120,216,227,256,327,328 This feature is 
particularly relevant during the vivarium dark phase. At the 
initiation of the lights-off period, when prior retinal irradiance 
(from light phase ocular exposure) has exceeded the threshold 
of melanopsin activation, PLR persists for many seconds into 
the dark phase. In the presence of LAN in the animal room, 
both PLR and ipRGC activation may persist. During light 
phase, this activation is critical for normal circadian regulation 
of neuroendocrine and neurobehavior parameters associated 
with animal health and wellbeing. However, animals exposed 
to light during the dark phase are at high risk of circadian dis-
ruption of the central (i.e., SCN) and peripheral clock systems 
and subsequently to disruptions of physiologic and behavioral 
circadian rhythms. Although some laboratories102,108-112,234 
have proposed that the nighttime ‘dim-light’ exposure of one 
strain of mice is approximately 5 lx (2.0 µW/cm2), our lab has 
demonstrated that in several strains of both rats32-35,79-84 and 
mice,77,85 exposure to broad-spectrum cool white fluorescent 
(CWF) LAN of as little as 0.2 lx (0.08 µW/cm2) for a period of as 
brief as 2 h during dark phase is sufficient to disrupt circadian 
patterns of neuroendocrine and neurobehavioral responses. We 
discuss this phenomenon more completely in the subsequent 
section on extrinsic LAN.

Further considerations for vertebrates. Extrinsic light exposure 
influences SCN regulation of the hypothalamic–pituitary–
gonadal axis169 and significantly influences animal metabolism 
and physiology, resulting in greater uptake of fatty acids by both 
normal and neoplastic tissue, reduced lean-to-muscle mass,145 
impaired organ function, and more comorbidities.57,149 Exposure 
to light at the wrong time of day (such as LAN) elevates serum 
fatty acids,32-35,77-84 body mass, and body fat.77,112,355,356 Exposing 
mice to LAN reduces energy expenditure and promotes carbo-
hydrate over fat metabolism, thus increasing body fat mass.36 
Administration of physiologic levels of exogenous melatonin 

to mice and rats exposed to dim LAN attenuates circadian 
disruption in adipose tissue.34,356

Light modulates glucocorticoid-associated control of an array 
of biologic functions, including those maintaining homeostasis 
and physiologic functions.157,354 These functions include regula-
tion of corticosteroid levels in hamsters,23 mice, and rats.111,193,214 
Exposure to LAN also affects various physiologic processes that 
include inflammatory responses, wound healing, blood pres-
sure, growth and development, blood glucose levels, muscle 
and bone physiology, and mentation.180,285

With regard to reproduction, extrinsic light in the vivarium 
affects the ovaries of species from fish to mammals. Oscillating 
clock genes in the ovaries are regulated in a defined fashion by 
light–dark cycles, and misalignment of the circadian clock can 
alter or inhibit reproduction.3,6,58,94,195,211,292,352 Reproduction in 
research species that are seasonal breeders depends on seasonal 
patterns of light–dark exposure and melatonin production.269 
Indeed, reproduction in photoperiodic animals is compromised 
by aberrant lighting during dark phase and is highly improved 
when animal facilities are completely LAN-decontaminated to 
ensure normal melatonin signaling.

Considerations for invertebrates. Extrinsic light conditions are 
also a major concern when housing and maintaining inverte-
brates for research, given that biologic rhythms in these animals, 
including unicellular organisms, share nearly identical com-
plexity with mammals.175,338 Indeed, the first clock genes were 
identified in fruit flies (Drosophila melanogaster), work that was 
awarded the 2017 Nobel Prize in Medicine.139,278,367 Fruit flies 
remain a critically important model for the study of genetics, 
development, and disease.26,172 Although constant bright light 
in animal facilities can adversely affect fecundity, longevity, and 
development in fruit flies,174,301 little information is available 
regarding the effect of daytime light (including LED light) on the 
physiology and metabolism in this species.2,77,81,84,343 Aberrant 
lighting conditions may also negatively impact less-commonly 
studied invertebrates. Exposure to LAN attenuated immune 
responses in crickets,102 reduces clutch sizes in ants,200 and dra-
matically reduces the likelihood of successful mating in moths, 
fireflies, and aphids.106,283,336 Once again, no information is avail-
able, as yet, regarding daytime LED technology. Nonetheless, 
these studies underscore the importance of inappropriate 
lighting effects, particularly LAN, on circadian rhythms of 
metabolism and physiology that are highly conserved across 
species. The use of stable species-appropriate light–dark cycles 
should always be incorporated into invertebrate housings.

Exposure to extrinsic LAN in the vivarium. Human and animal 
exposure to LAN is one of the most common events in the com-
munity, workplace, and vivarium.72,73,79,82 Approximately 95% 
of animals used in research are rodents,102 but the deleterious 
effects of exposure to LAN on health and wellbeing apply to all 
humans and animals. Although rodents have poor visual acu-
ity, they are highly sensitive to light intensity17 responding to 
levels as low as 0.2 lx (0.08 µW/cm2) or less.79,82 As mentioned 
previously, exposure of Syrian hamsters to even low levels 
(15 lx; 6.12 µW/cm2) of red-appearing ‘safety’ lights83 or 0.05 lx 
(0.02 µW/cm2) of green-appearing light255 is enough to disrupt 
normal nighttime melatonin rhythms, leading to disruptions in 
other metabolic and physiologic rhythms. Melanopsin-ipRGC, 
which regulate circadian rhythms of metabolism and physiol-
ogy in both normal and neoplastic tissues, are highly sensitive 
to LAN and can be activated by less than 1 lx (0.41 µW/cm2) 
of light.124,125 Clearly, extrinsic LAN in the vivarium, which can 
originate from light leaking around doors and hallway lights, 
observation windows, room circuits and electronics, and racks,82 
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disrupts circadian rhythms and triggers a host of metabolic 
and physiologic effects through 3 key mechanisms: 1) altered 
expression of clock genes; 2) melatonin suppression; and 3) 
sympathetic stimulation.162,183,318,319 Clock genes include brain 
and muscle ARNT-like protein 1 (Bmal1), circadian locomotor 
output cycles kaput, cryptochrome (Cry) 1 and 2, and period 
(Per) 1 through 3—all of which are regulated by light and light–
dark cycles and work together to control cellular functions and 
maintain homeostasis.243,280,309,318 Disruption of these clock genes 
by LAN alters feedback loops from the normal 24-h cycle and 
results in misalignment of circadian rhythms, metabolism, and 
physiology.217 Dark-phase exposure to dim LAN for as little as 
15 min elevates baseline expression of clock genes, phase-shifts 
the SCN, and alters phase activity.254,302,305 Chronic exposure to 
5 lx (2.04 µW/cm2) LAN altered circadian expression of Bmal1, 
Per1, Per2, Cry1, and Cry2 in mice112 and Siberian hamsters.25

The lists of melatonin-receptor–mediated and -independent 
physiologic functions are extensive.53,271,272 Alterations in 
normal melatonin rhythms disrupt endocrine pathways of 
reproductive, adrenal, and thyroid hormone axes.289,308,331 
Nocturnal melatonin suppression is species-specific and 
occurs in an intensity-, wavelength-, and duration-dependent 
manner.37-45

Most mammals have robust circadian dark phase melatonin 
rhythms and pineal melatonin production (Table 1),267 but 
this characteristic is not necessarily the case for all strains of 
mice.98,99,167 Radioimmunoassay has revealed robust circadian 
dark-phase melatonin peaks in C3H, CBA 77,129,167,246,312,339 and 
Foxn1 nude mice,167,246,339 but such peaks were not found in 
other inbred strains of mice including C57BL/6, BALB/c, and 
AKR.99,129,167 This finding has been debated by investigators 
who sampled more frequently and thus detected brief nighttime 
peaks in these 3 strains of mice.68,210,338 Mutations in enzymes 
catalyzing the synthesis of melatonin, such as N-acetyltrans-
ferase and hydroxyindole-O-methyltransferase,166,167,279 may 
help to explain the variability of melatonin production in vari-
ous inbred mouse strains. Nonetheless, these mice all maintain 
robust circadian rhythmicity of other neuroendocrine and 
neurobehavioral parameters associated with normal light–
dark cycles. Indeed, the SCN generate a circadian rhythm in 
autonomic nervous system signaling that is entrained to the 
light–dark cycle,102 independent of the melatonin rhythm, and 
rodents are 100 times more sensitive to light than are humans.43 
Alterations in sympathetic control can disrupt physiologic 
processes, including cell cycle control, after changes in lighting 
parameters;21 these effects may help to explain in part why some 
mouse and rat strains are particularly susceptible to various 
metabolic diseases and cancers.183

A large amount of data documents the effects of LAN on 
cancer in both humans and rodents. The risk of several cancers 
is significantly higher in industrialized societies that experience 
circadian disruption in response to nighttime light pollution.104 
Levels of LAN correlate strongly with the development of bre
ast,32-35,85,104,316 prostate, and colorectal cancers.171,275,287,288, For 
more than 30 years, our laboratory has focused its attention on 
LAN suppression of the pineal nighttime circadian melatonin 
signal and its effects on normal and neoplastic tissue metabolism 
and physiology in research animals.32-35,77-85 Overwhelming evi-
dence to date from our studies and others67,147,212 demonstrates 
that circulating levels of melatonin suppress rodent and human 
tumor proliferative activity in vivo. This suppression occurs via 
guanine nucleotide-binding protein receptor–coupled MT1 me-
latonin receptor-mediated blockade of linoleic acid metabolism 
to the mitogen 13-hydroxyoctadecadienoic acid via 15-lipoxy-

genase 1 and aerobic glycolysis (Warburg effect), leading to 
suppressed activation of the mitogen-activated extracellular 
signal-regulated kinase p44/p46 (ERK1/2), insulin-like growth 
factor 1, and serine/threonine kinase signaling pathways. 
Experimental findings clearly show that exposure to LAN and 
disruption of the normal nighttime circadian melatonin signal 
enhances rodent and human tumor linoleic acid metabolism 
and the Warburg effect to stimulate tumor growth progres-
sion.32-35,78,79,81-83,85,212,268,272,274,275

Melatonin also can reduce estrogen receptor α mRNA expres-
sion or transcriptional activity and aromatase action.35,222,261 
In addition, melatonin can inhibit invasion and metastasis by 
elevating the expression of adhesion proteins E-cadherin and 
β1-integrin and reducing that of matrix metalloproteinases.35,212 
This potent neurohormone also counteracts tumor immune in-
vasion by promoting IL2, IL12, and IFNλ production in T cells 
and monocytes, thus further amplifying oncostatic responses.53 
All beneficial effects of melatonin on cancer initiation and me-
tabolism, progression, and immune cell response are attenuated 
when animals are exposed to LAN.34 Whether due to general 
LAN disruption of circadian rhythms, abrogated circadian 
nighttime melatonin production, or a combination of the two,, 
LAN increases cancer risk in humans and animals. As a result 
of our work and that of others, the International Agency for 
Research on Cancer (IARC) in 2010 classified LAN, a proxy for 
shift work, as a probable Class II Carcinogen.357

Lighting Technology
Lighting technology can have major effects on the health and 

wellbeing of research animals.7,81,83-85 Currently, broad-spectrum 
CWF lighting in the community, workplace, home and vivaria 
is the conventional type of lighting used worldwide.146,154 The 
Average Rated Lifespan (ARL; or B50) indicates when approxi-
mately 50% of the lights will fail in terms of usage in hours. The 
ARL for CWF lighting is between 8000 and 10,000 h, as com-
pared with older technologies, such as halogen lighting (2000 to 
4000 h) and incandescent lighting (450 to 750 h), depending on 
temperature (indoor or outdoor; temperatures above or below 
approximately 23 °C). Furthermore, the temporal period of 
decay, as measured in terms of degradation of light source inten-
sity (lx; µW/cm2) over time, follows a similar trend, with CWF 
lighting decay periods that are much longer than those of either 
halogen or incandescent lighting technologies. This trend also 
applies to increases in light source vibration and ultrasound over 
time in the aging process of these lighting technologies.64,91,137,146 
Although CWF light has many advantages over older technolo-
gies, such as incandescent and halogen lighting, it also has many 
drawbacks, including issues regarding disposal (fluorescent 
lights contain toxic mercury, the disposal of which in regular 
garbage has been banned by many governments), rapid loss 
of intensity, elevated noise and vibration, and rapid burn out 
(2 to 12 y), depending on usage, temperature, and ballast type. 
Although many of the problems with slow onset, buzzing, and 
dimming have been corrected, the general population considers 
CWF light as not being ‘warm’ or appealing, as with the glow 
of a fireplace.153,154 The last consideration can be addressed by 
using CWF lamps with lower Color Correlated Temperature 
(CCT) characteristics (that is, 2500 K and lower). The CCT is a 
perceived visible color characteristic of the light source; gener-
ally speaking, light with a higher CCT (above 5000 K) tends to 
appear more bluish or white-appearing (cool) to the observer, 
compared with light of a lower CCT (below 1500 to 2500 K), 
which appears more reddish or yellow-white (‘warm’).91
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Institutions worldwide are now rapidly converting from 
conventional broadband CWF and incandescent lighting to 
the new LED technology.73,84,146,154, More specifically, LED 
lighting, enriched in the blue-appearing portion of the visible 
spectrum, is the lighting technology most commonly selected 
when transitions are needed, because it reflects most closely 
the full-spectrum of light to which all life has been exposed 
during evolution over thousands of generations.4 LED light-
ing, which now comprises approximately 30% of the current 
light technology used globally by industrialized nations, is 
estimated to grow to 80% in usage by 2030.154 Compared with 
incandescent or CWF technologies, this new technology is cost-
effective, energy-efficient, produces minimal heat and virtually 
no noise or vibration, has sustained spectral quality, and lasts 
as long as 40 y without replacement. In addition, LED lighting 
in the vivarium and workplace is a ‘tunable technology,’ that 
is, it can easily be regulated for intensity and spectral quality 
(wavelength) to provide a wide range of CCT and capabilities 
for personnel in biomedical research communities. LED convert 
electricity directly to photons of light, as opposed to the waste-
ful mixture of heat and light generated by traditional bulbs and 
lamps (incandescent, CWF) or those that use high-intensity 
discharge technology, which typically involve electricity–gas 
discharge using tungsten electrodes and noble gases (mercury 
vapor, metal halide, sodium vapor, xenon vapor).64,91

Another important feature of LED lighting relative to tradi-
tional or high-intensity discharge technologies currently in use 
is that due to its solid-state technology, LED lighting emits little 
to no high-frequency vibration or noise, including ultrasonic. 
All of the world’s leading manufacturers of LED lamps, which 
are comparable in size to standard CWF lamps, currently pro-
duce a range of lamps that easily fit and function in standard 
luminaires, so ballasts need not be replaced. Taken together 
with the remarkable long-term cost and energy savings, these 
features make it easy to understand why institutions around 
the world, including vivaria, are rapidly transitioning to LED 
technology. Indeed, several businesses in the animal research 
field are rapidly producing and marketing LED-lighted animal 
biocontainment housing units to meet demand.

Although information regarding the use of LED technol-
ogy at nighttime in the community, home, and workplace is 
widespread,64,65 little to no information is available regarding 
its daytime use, particularly in animal research settings. In ad-
dition, industries related to animal research send many LED 
products to market without prior studies that validate and 
support their value in relation to animal health and wellbeing 
or assess their potential effects on experimental outcomes. In-
deed, the little work conducted to date by groups such as the 
US Department of Energy and the Environmental Protection 
Agency has focused primarily on the adverse effects of night-
time LED lighting on humans in the community setting, as it 
pertains to visual glare, sleep disorders, or disruption of various 
circadian biologic rhythms.72,73,244 Even the Guide currently does 
not directly include the emerging new LED technology when 
addressing the topic of lighting technology.

For some time now, our team has investigated exposure to 
blue-enriched LED light during the light phase (bLAD) in the 
vivarium setting. Recent IACUC-approved studies from our 
laboratory revealed that rodents exposed to bLAD, as compared 
with CWF lighting, and maintained on a static rack systems, had 
6- to 7-fold higher circadian nighttime melatonin blood levels, 
resulting in a marked enhancement on the circadian regulation 
of neuroendocrine, metabolic, and physiologic parameters as-
sociated with animal health and wellbeing.77,81,84 Subsequent 

studies by others corroborated these findings in mice243 and 
Sprague–Dawley rats2 maintained on IVC systems. This work 
provided the first experimental evidence on the influence 
of bLAD technology on animal health and wellbeing in the 
vivarium setting.

Recommendations for the Animal  
Research Community

Regularly monitor, record, and report light measurements.   
Various vendors currently provide computer-directed lighting 
sensor equipment to monitor and record animal room light-
ing intensities during light and dark phases. Unfortunately, 
in many cases, such sensors have wide ranges of sensitivity, 
particularly during dark-phase measurements, break down 
frequently or become inaccurate over time, and even furnish 
incorrect light–dark cycle information to a central computer 
source.102 In some cases, due to a breakdown in the light control 
or sensing service, computer-generated light–dark cycles are 
inadvertently altered for weeks without alerting personnel, 
compromising both animal health and wellbeing and research 
outcomes. In this regard, we recommend that alarms associated 
with such computer-directed lighting sensor systems be used 
to alert animal care personnel (via office or home computer or 
cell phone) immediately about deviations in animal room light-
ing protocol concerns; in addition, these backup alarm systems 
should be monitored regularly. This error typically manifests as 
lights that remain on during the normal dark phase, rather than 
as lights that stay off during the normal light phase (a situation 
that would be noticed by animal care personnel).

We also suggest that animal care personnel and researchers 
directly and regularly monitor, record, and report light-phase 
illuminance (lx) or irradiance (μW/cm2) levels for the macroen-
vironment (animal room) and microenvironment (within a cage 
at eye level) as completely as possible. A variety of low-cost 
radiometer–photometers are currently available for both older 
(that is, CWF) and newer (that is, LED) lighting technologies 
that can collect this information when appropriately calibrated. 
In effect, this reporting will allow all stakeholders to meet the 
basic recommendations of the current Guide and the ARRIVE 
guidelines (ARRIVE Essential 10, item 3; Recommended Set, 
item 15).247 We further strongly recommend that investigators 
report the time of day that animal experiments are conducted 
(that is, surgeries, tissue harvests, treatment regimens) relative 
to the animal’s lights on–lights off schedule, given that time of 
day significantly affects circadian rhythms of animal metabolism 
and physiology and experimental outcomes.31-35,77-85,276

Minimize variation in vivarium light. The 2 principal ele-
ments in light-controlled regulation of animal behavior and 
physiology are physical–biologic stimulus processing and 
sensory–neural processing.137,262 The physical–biologic pro-
cessing elements are the light source physics, the animal’s 
conscious and reflex behavior in relation to the light source, 
and the transduction of light to the retina. Factors influenc-
ing this physiology include the wavelength sensitivity of the 
photoreceptors, photoreceptor distribution, photoreceptor 
adaptation state, and the ability of the CNS to temporally 
integrate photic stimuli.

Light source geometry relative to the eye is important in 
understanding the elements of ocular physiology that influence 
circadian regulation. One measurement technique characterized 
for architectural lighting91 and recommended by the Guide is to 
simply place a light meter at 1 m above the floor of an empty 
animal room, aim it directly at the light source, and measure 
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light illuminances with the lights on and off. However, this 
technique may not accurately correspond to corneal illuminance 
experienced by animals. Clearly, conscious and reflex behaviors 
including head movement, eye motion, eye blink, and eye clo-
sure are important  considerations.120,150,205,246,256

On the microenvironmental level, with regard to caging, cage 
type (that is, polycarbonate or polysulfone), wall thicknesses, 
and location on the rack should all be considered. Nesting 
materials and enrichment devices may influence circadian 
rhythms in neuroendocrine and neurobehavioral parameters 
in rats and mice.2,77,81.83,359,360 In the vivarium, cage location 
can markedly influence light intensities. Light intensities are 
typically greater near the top of the rack290 but may vary by 
as much as 80-fold on the same rack and differ by more than 
10-fold when measured in the front, middle, or rear of the cage 
at a given location.2,77,81,83,343 Cage placement on the rack also 
affects exposure, as 3 to 19 times more light is available to the 
top-tier cages compared with those at the bottom of the rack.62

Based on our current knowledge (Table 1), we recom-
mend that ambient microenvironment lighting intensities 
during daytime range between approximately 500 lx (204.1  
µW/cm2) and 800 lx (326.5 µW/cm2) for humans; for domes-
ticated and research animals we recommend a lower range on 
the order of 100 to 400 lx (40.8 to 163.3 µW/cm2). In the case of 
rodent species, light-phase ocular light intensities in the micro-
environment (within-cage) should not exceed approximately 
75.0 lx (30.61 µW/cm2; average intensity, back-to-front of inte-
rior cage environment)79,80,84,85,363 and should be lower when 
feasible.136,137,205,246 In addition, the lighting technology should 
provide diffuse daytime lighting, that is, more blue-appearing 
(in the visible spectrum), with the objective of healthful exposure 
of both the visible (rod, cone) and nonvisible (melanopsin-
ipRGC) photoreceptor systems to known thresholds of different 
biologic responses to light, including entrainment of the circa-
dian clock, pupillary constriction, regulation of neurohormones 
such as melatonin and corticosterone, and modulation of sleep 
and cognition.

Furthermore, nesting materials and enrichment devices can 
provide physical barriers between animals and light sources 
but can also alter animal physiology and metabolism.358,359 This 
situation sets the stage for significant interanimal variability 
as well as potential changes in retinal morphology130 that may 
confound toxicity studies.262

Options for minimizing light variation in cages include using 
similar location for all cages on a given study, rotating cage posi-
tion on the rack to counter subtle—or not so subtle—changes 
in cage position on the rack, or employing specially-designed 
photobiologic light cabinets that deliver consistent lighting to 
all cages. Some investigators use small spaces or cubicles and 
place lamps in corners, which may result in more consistent 
illumination. In most cases and during specific investigations, 
cage racks can be placed appropriately under luminaires to 
deliver similar external light intensities to different units. In 
addition, cage material, bedding, and enrichment devices 
modulate the amount of light available to the animals.358 We 
recommend a few considerations for the use of small animals 
such as rodents: (1) minimize the number and type of enrich-
ment devices per cage; (2) be cognizant of the type of enrichment 
devices employed; (3) be consistent during and between studies 
with regard to type/number of enrichment devices employed; 
(4) maintain this consistency between control and experimental 
animals; and, (5) continue to report macroenvironmental (room) 
and microenvironmental (within cage) lighting intensity illu-
minance and irradiance measures (at eye level) in the interest 

of experimental reproducibility, accountability, transparency, 
animal health and wellbeing, and scientific outcomes.63,77,81,84,359 
For short-term studies, some investigators may simply remove 
all enrichment devices, with IACUC approval. Recent studies 
have shown that the spectral transmittance of light passing 
through standard rodent cages (polycarbonate or polysulfone) 
of different tints significantly influences circadian metabolism 
and physiology in commonly used rodent strains.80,358 Further 
elucidation of the specific ocular and neural elements mediat-
ing these biologic effects of light in mammals, particularly in 
determining the interdependence and variability, remains an 
emerging science.43,115,205

Cage rack technology (that is, static, IVC, or emerging bio-
containment technology) may be important when using either 
CWF or LED lighting during the light phase.2,77,343 Whereas 
animals maintained on static or IVC systems are exposed to 
either diffuse, broad-spectrum CWF or LED lighting from 
overhead luminaire systems (that is, tubular, or ‘T’ designated 
lamps), animals maintained in the new biocontainment units 
are subject to LED strip lighting that varies, depending on the 
manufacturer, in their location within the unit. Animal ocular 
light exposure is linear across the cage unit and not as diffuse, 
and light photons excite the visual rod–cone and melanopsin-
ipRGC systems differently.205,246 How this situation translates 
to potential circadian rhythm alterations in neurobehavioral 
and neurophysiological parameters has only been recently 
investigated.2,77,81,83,131,343 These studies revealed that although 
most strains of rats80,81 and mice77 maintained on either static 
units or IVC units343 in translucent, clear polycarbonate cages 
and exposed to bLAD, compared with CWF light, had signifi-
cantly higher plasma melatonin levels and lower body growth 
rates, food and water intake, and plasma circadian markers, this 
was not completely the case for blood serum chemistry panels 
in one strain of rats maintained in a newly manufactured and 
marketed LED-lighted biocontainment system. That acute, 
short-term study only replicated elevated circadian nighttime 
melatonin blood levels and some blood analytes.2 What was 
clear from these studies2,343 is that bulb type and technology 
can both influence circadian rhythms. Nonetheless, LED light 
in general also exerts broad effects on the circadian regulation 
of neuroendocrine, metabolic, and neurobehavioral parameters 
associated with the promotion of animal health and wellbeing 
and may influence scientific outcomes. Despite variations in 
the type of light exposure and spectral quality due to the vari-
ous aforementioned parameters, all should be standardized in 
experiment design and fully reported in research publications.

Another consideration regarding the rapidly emerging ‘tun-
able’ LED technology is the use of gradual changes in light-phase 
and dark-phase onsets, emulating natural dawn and dusk pe-
riods.102,205,246 In other words, at the onset of light phase, light 
sources can gradually increase in intensity from 0 to 400 lx (room 
measures) and in spectral quality from longer wavelength (red–
yellow) to shorter wavelength (blue-enriched) over a brief period 
(for example, 3 to 5 min). Conversely, at the onset of the dark 
phase, animal room lighting can be adjusted in reverse fashion 
for decreasing intensity (from 400 to 0 lx, room intensity) and 
increasing wavelength (blue-enriched to red–yellow-enriched to 
total darkness [0 lx]), thus more emulating the natural nighttime 
transition. Some rodent studies have shown that these gradual 
photoperiod transitions may reduce stress and positively influ-
ence animal health and wellbeing.25,109,111,112

Eliminate LAN pollution in vivaria. The Guide recommends 
the elimination or limitation of extrinsic light exposure dur-
ing the dark phase and the use of a time-controlled lighting 
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system to guarantee regular cycling, with light cycles set at 
intensities previously described.156 Despite these recommenda-
tions, vivarium lighting is often adjusted to meet the needs of 
both animal care and research personnel. Brighter room lights 
are often used during cage changing or room cleaning to aid 
in visualization; dimmer intensities may be used during the 
remainder of the light phase, when personnel are not present. 
These photic disturbances, including entering and exiting rooms 
from a common lighted corridor during dark phase and using 
observation windows, even when covered with red safety 
filters, alter animal ocular light exposure, the degree to which 
this occurs also depends on cage and rack location in the LAN-
contaminated animal room.83

For many years, our Tulane Center for Circadian Biology team 
has investigated the influence of light, particularly LAN, on hu-
man and animal metabolism and physiology. Although the role 
of light in vision is widely recognized, our studies have focused 
on the role of light in nonvisual responses, including entrain-
ment of circadian rhythms and regulation of neurohormones 
and neurobehavior. More specifically, our NIH- and AALAS 
GLAS-supported studies provided the experimental evidence 
in support of the epidemiologic findings86,211,287,288 in the night 
shift work population regarding the association between LAN 
and invasive breast cancer risk.1,25,78,79,85,331 As mentioned above, 
night-shift work, emulating LAN and circadian disruption, is 
currently classified as a Class IIA probable human carcinogen 
by the World Health Organization and the International Agency 
for Research on Cancer.357

In view of these considerations, we recommend the 
elimination of all dark phase extrinsic LAN in the vivarium. 
As discussed earlier, LAN-induced suppression of en-
dogenous melatonin production may promote various 
disease processes, including carcinogenesis and metabolic 
syndrome.32-35,78,79,81,82,85 LAN contamination in animal facili-
ties is a common problem, even in modern facilities; however, 
simple remedies are available for many common sources of 
LAN contamination. To ensure maintenance of complete 
darkness in animal facilities, animal holding rooms should 
be inspected for sources of light pollution, and room entrance 
during dark phase should be controlled to prevent unwar-
ranted light intrusion. A host of cost-effective data loggers 
and alarm systems can be used to monitor animal facility light 
intensities and lighting alarm systems can be used to detect 
unwanted light and inappropriate entry during dark phase. 
Although one set of recommendations may not be optimal for 
all animal uses, important considerations to insure complete 
darkness during dark phase include: 1) removing unnecessary 
lighted equipment; 2) covering light sources in animal rooms, 
including electronic indicator lights, ventilated tower screens, 
and circuits; 3) eliminating animal observation windows on 
doors or completely covering them with blackout shielding; 
4) installing door frame shoes, seals, and sweeps with vinyl 
gaskets and anodized aluminum encasements; and 5) install-
ing light-tight, black-out curtains. These modifications can be 
remarkably effective. When possible, entry into main animal 
holding quarters from an unlighted LAN-decontaminated 
internal room, as compared with the outside lighted corridor, 
is also an excellent option for consideration.79

Finally, with regard to the use of red safety lights, some 
animal species, including mice and rats, have been suggested 
to be insensitive to red light.102 Although partially true, insofar 
as the visual system is concerned, numerous studies detailing 
irradiance response curves to long-wavelength light (> 600 nm) 
demonstrate sensitivity to red light if the intensity and duration 

are high enough.50,144,205 Using dim red safety light(under 35 lx; 
14.3 µW/cm2) for under 15 min during dark phase, to include 
red safety flashlights, is an effective alternative to maintain 
circadian organization in research animals.83 However, all red-
appearing lights do not emit solely in the red spectrum and may 
not exclude all shorter wavelength light. We recommend using 
a photometer to confirm emitted wavelengths prior to use. As 
a result of this misunderstanding of photobiology, a simple 
solution for the problem has been to use reverse lighting in 
animal facilities and red light or sodium light (589 to 590 nm), 
which will allow humans to see but is on the margins of rodent 
sensitivity.246 For example, the known visual pigments of the 
mouse retina are around 12 times less sensitive than humans 
to 600-nm red light and around 8 times less sensitive to 589-nm 
sodium light. As such, the level of nocturnal light required for 
humans to work in a mouse room for a sustained period of time 
would certainly produce nonvisual biologic responses in mice. 
With this situation in mind, we recommend only limited use of 
these light sources (below 35 lx [14.3 µW/cm2] for less than 15 
min) in the vivarium during the dark phase.

Apply the new metric for measuring and using vivarium 
light. The inadequacy of a consistent and accepted method of 
quantifying light complicates the replication of experimental 
conditions and comparisons across studies, thus hindering 
scientific advancement. The scientific literature contains a 
substantial number of investigations relating circadian, neu-
roendocrine, and neurobehavioral responses to calibrated light 
exposure. Light influences all life on the planet in an intensity-, 
duration-, and wavelength-dependent manner.37-40 That said, 
many studies do not provide any information on animal facility 
light levels, light spectral quality, or even light–dark lighting 
protocols other than saying that they conform to local regula-
tions. Such regulations typically are based on the level of light 
required for staff to work rather than on consideration of animal 
physiology.246

When light measurements are provided, they are invariably 
expressed in lux (lx), a unit based on perceived brightness 
according to the sensitivity of the human visual system. In 
addition, the lux measurement unit is based on the photopic 
(daytime) sensitivity curve, which has a peak sensitivity of 
about 555 nm, reflecting the red (middle wavelength) and green 
(middle wavelength) cones of the human retina. This unit of 
measurement is not relevant for most animal species, includ-
ing rodents, because it does not reflect scotopic (nighttime) 
responses, when rods provide the primary responses to light, 
nor does it provide any reflection of the important melanopsin-
ipRGC contributions to nonvisual responses. Instead of using 
such units, radiometric units based on unweighted power 
measurements (µW/cm2) are more relevant and are preferred 
in circadian biology.115,205,246 We highly recommend providing 
the type of lighting (that is, incandescent, CWF, or LED) so 
that radiometric approximations can be made and reported. 
Once again, for most research species of interest (Table 1), 
light-phase light intensities in the macroenvironment (that is, 
outside of housing, caging, or aquarium environments) should 
not exceed approximately 325 to 400 lx (132.7 to 163.2 µW/
cm2), as is currently recommended by the Guide, and dark-
phase light intensity levels should strictly be maintained at 0 lx  
(0 µW/cm2; no LAN). With regard to the microenvironment 
(that is, within the housing, caging, or aquarium environments) 
for most species, particularly for rodents, light-phase ocular 
light intensities should not exceed approximately 75.0 lx (30.61  
µW/cm2),79,80,84,85 aiming for the side of lower intensities. Equal-
ly important is using equipment that accurately measures these 
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intensities, which should be recorded and reported regularly 
in the interest of animal health and wellbeing and researcher 
accountability, transparency, and experimental reproducibility.63

Due to the lack of an accepted spectral weighting function 
for nonimage-forming responses to light, we also suggest the 
recording and reporting of corneal spectral power distributions 
based on species-specific action spectra data.69,70,205 Again, a 
range of low-cost spectroradiometers are commercially avail-
able for this purpose. The advantage of recording and reporting 
spectral power distributions is that the data can be used to derive 
any unit of measure at the time of collection or in the future. 
Currently, such data are used to calculate effective irradiance 
experienced by the various rod, cone, and melanopsin-ipRPG 
driving nonvisual input responses and facilitates overcoming 
the problem of comparing polychromatic light of different 
spectral qualities. Full equations for calculating all species-
specific (including rodents) visual and nonvisual system opsin 
illuminance values (rhodopic, melanopic, cyanopic, chloropic, 
and erythropic) are available in the Peirson Toolbox.235

As mentioned above, the Guide incorporates the traditional 
objectives of lighting set forth by the International Commis-
sion on Illumination and the Illuminating Engineering Society 
for vivarium design and lighting that are optimal for visual 
performance, visual comfort, permit aesthetic appreciation of 
the space, and energy savings.64,65,154 As we have discussed, 
light exposure profoundly influences numerous physiologic 
and behavioral effects. We argue that the nonvisual effects of 
light should be controlled in the design and operation of human 
environments and those of research animals.

Balancing the desirable and undesirable effects of light and 
darkness requires careful, comprehensive consideration of 
context and the multitude effects of light on perception, neu-
rophysiology, and neurobehavior. Although prediction of the 
nonimage-forming effects of a given light source is not currently 
feasible based on its intensity and spectral composition, some 
guidance is possible. If the objective is to minimize activation of 
melanopsin ipRGC, the goal should be to keep retinal irradiance 
as low as possible during the dark phase, keeping in mind that 
any light wavelength can, in principle, activate the system.205 
Conversely, during the light phase, if the objective is to promote 
melanopsin-ipRGC photoreception, retinal irradiance should be 
raised (within safe limits) and light sources should be biased 
toward the blue-appearing portion of the visible spectrum, to 
which all inputs are very sensitive. Our previous investiga-
tions 77,79,81-83 support this latter course of action with regard 
to bLAD exposure.

Conclusions
Light exerts profound effects on animal physiology and be-

havior. Much like noise, vibration, temperature, humidity, air, 
and water quality, among other factors, light is considered to 
be one of the major extrinsic factors in an animal facility that 
significantly influence animal health and wellbeing. Extrinsic 
factors like light act on the animal and may alter intrinsic factors 
that include genetics, circadian rhythms, age, sex, and immune 
and endocrine status. Whether from conventional or emerging 
new technological sources, such as LED lighting, light influ-
ences our circadian system in an intensity-, wavelength-, and 
duration-dependent manner, and consistent light exposure is 
critically important to animal health and wellbeing.

Biomedical research, including the use of animals, and 
engineering rely on accurate measurement and reporting. 
The discovery of the melanopsin-ipRGC photoreceptors and 
our growing understanding of their role in regulating animal 

physiologic and behavioral states have demonstrated that the 
current methods of light measurement and reporting are no 
longer adequate. How they should be updated is a question that 
remains and will no doubt be revisited as our understanding of 
this system evolves. Nonetheless, the science has now reached 
a state that makes it sensible to take important steps forward in 
this process. Understanding the effects of light on animal physi-
ology, metabolism, and behavior must incorporate the effects 
of the visual and nonvisual photoreceptor systems function, in-
cluding their differing sensitivities to light intensity, wavelength, 
duration, how they interact, lighting technologies, and a wide 
range of species-specific differences. To this end, our overview 
of the influence of light on circadian rhythms, current industry 
standards for appropriate light measurement in the vivarium, 
the visual and nonvisual systems, simple recommendations 
for improving the control of vivarium light–dark cycles, and 
appropriate recording and reporting light measures provides 
basic foundations on which future developments can build. 
The consistency and quality of lighting intensity, wavelength, 
and duration during controlled photoperiods are of utmost 
importance in maintaining normal, healthy animal biologic 
rhythms of metabolism and physiology and in influencing the 
outcome of scientific investigations. We, therefore, encourage the 
research animal science and biomedical research communities 
to be cognizant of the influence of light, lighting technologies 
and lighting protocols on both the remarkable animal ‘heroes’ 
that we care for and use and on our own day-to-day lives.

Acknowledgments
This invited review arose from discussions among one author (RTD) 

and Jeremy G Turner, Randall P Reynolds, and F Claire Hankenson 
during a focused panel discussion (Extrinsic Factors in Facilities: 
‘Hidden’ Impacts on Animals and Science) at the 72nd AALAS National 
Meeting (October 2021). The project work of the authors was gener-
ously supported in part by 2008 and 2018 grants from the Grants 
for Laboratory Animal Science (GLAS) Program of the American 
Association for Laboratory Animal Science (RTD and DEB), NIH grant 
no. P20RR020152 (to DEB), a Tulane University School of Medicine 
and Louisiana Cancer Research Consortium Startup Grant (no. 631455 
to DEB), and a Tulane University School of Medicine Faculty Pilot 
Grant (no. 630540 to DEB). The authors declare no potential conflicts 
of interest with regard to the research, authorship, and/or publication 
of this article.

RTD and DEB were responsible for drafting the original manu-
script, as well as critical revision of the manuscript. Both authors have 
approved the submitted version.

References
	 1.	Apeldoorn EJ, Schrama JW, Mashlay MM, Parmentier HK. 1999. 

Effect of melatonin and lighting schedule on energy metabolism in 
broiler chickens. Poult Sci 78:223–229. https://doi.org/10.1093/
ps/78.2.223. 

	 2.	Allen AA, Pierce AP, Dauchy RT, Voros GB, Dobek GD. 2022. 
Influence of daytime LED light exposure on circadian regulation 
of neuroendocrine hormones in adolescent Sprague-–Dawley rats. 
J Am Assoc Lab Anim Sci (Forthcoming).61:333–343. https://doi.
org/10.30802/AALAS-JAALAS-21-000123.

	 3.	Alleva JJ, Waleski MV, Alleva FR, Umberger EJ. 1968. 
Synchronizing effects of photoperiodicity on ovulation in ham-
sters.  Endocrinology 82:1227–1235. https://doi.org/10.1210/
endo-82-6-1227. 

	 4.	Altimus CM, Güler AD, Alam NM, Arman AC, Prusky GT, 
Sampath AP, Hattar S. 2010. Rod photoreceptors drive circadian 
photoentrainment across a wide range of light intensities. Nat 
Neurosci 13:1107–1112. https://doi.org/10.1038/nn.2617. 

	 5.	Altimus CM, Güler AD, Villa KL, McNeil DS, LeGates TA, 
Hattar S. 2008. Rods-cones and melanopsin detect light and 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



16

Vol 62, No 1
Journal of the American Association for Laboratory Animal Science
January 2023

dark to modulate sleep independent of image formation. Proc 
Natl Acad Sci USA 105:19998–20003. https://doi.org/10.1073/
pnas.0808312105. 

	 6.	Alvarez JD, Hansen A, Ord T, Bebas P, Chappell PE, 
Giebultowicz JM, Williams C, Moss S, Sehgal A. 2008. The cir-
cadian clock protein BMAL1 is necessary for fertility and proper 
testosterone production in mice. J Biol Rhythms 23:26–36. https://
doi.org/10.1177/0748730407311254. 

	 7.	Alves-Simoes M, Coleman G, Canal MM. 2016. Effects of type 
of light on mouse circadian behavior and stress levels. Lab Anim 
50:21–29. https://doi.org/10.1177/0023677215588052. 

	 8.	Arjona A, Sarkar DK. 2006. The circadian gene mPer2 regulates 
the daily rhythm of IFN-g. J Interferon Cytokine Res 26:645–649. 
https://doi.org/10.1089/jir.2006.26.645. 

	 9.	Arendt J. 1979. Radioimmunoassayable melatonin: Circulating 
patterns in man and sheep. Prog Brain Res 52:249–258. https://
doi.org/10.1016/S0079-6123(08)62929-5. 

	 10.	Arendt J. 1988. Melatonin. Clin Endocrinol (Oxf) 29:205–229. 
https://doi.org/10.1111/j.1365-2265.1988.tb00263.x. 

	 11.	Arshavsky VY, Lamb TD, Pugh EN Jr. 2002. G proteins and 
phototransduction. Annu Rev Physiol 64:153–187. https://doi.
org/10.1146/annurev.physiol.64.082701.102229. 

	 12.	Aschoff Jeditor. 1960. Exogenous and endogenous components 
in circadian rhythms. Cold Spring Harb Symp Quant Biol 
25:11–28. pp 1-581. New York (NY): Plenum Press. Doi: 10.1101/
aqb.1960.025.01.004https://doi.org/10.1101/sqb.1960.025.01.004.

	 13.	Aschoff J, editor. 1981. Handbook of behavioral neurobiology, 
biological rhythms. New York (NY): Plenum Press.

	 14.	Ashkenazy T, Einat H, Kronfeld-Schor N. 2009. Effects of bright 
light treatment on depression- and anxiety-like behaviors 
of diurnal rodents maintained on a short daylight schedule. 
Behav Brain Res 201:343–346. https://doi.org/10.1016/ 
j.bbr.2009.03.005. 

	 15.	Azar TA, Sharp JL, Larson DM. 2008. Effect of housing rats in 
dim light or long nights on heart rate. J Am Assoc Lab Anim Sci 
47: 25-34.  

	 16.	Bachmanov AA, Reed DR, Tordoff MG, Price RA, Beauchamp 
GK. 2001. Nutrient preference and diet-induced adiposity in 
C57BL/6ByJ and 129P3/J mice. Physiol Behav 72:603–613. https://
doi.org/10.1016/S0031-9384(01)00412-7. 

	 17.	Baker M. 2013. Neuroscience: Through the eyes of a mouse. Nature 
502:156–158. https://doi.org/10.1038/502156a. 

	 18.	Baker BJ, Richardson JML. 2006. The effect of artificial light on 
male breeding-season behavior in green frogs, Rana clamitans 
melanota. Can J Zool 84:1528–1532. https://doi.org/10.1139/ 
z06-142.

	 19.	Baker BM, Haynes CM. 2011. Mitochondrial protein quality con-
trol during biogenesis and aging. Trends Biochem Sci 36:254–261. 
https://doi.org/10.1016/j.tibs.2011.01.004. 

	 20.	Bargiello TA, Jackson FR, Young MW. 1984. Restoration of cir-
cadian behavioral rhythms by gene transfer in Drosophila. Nature 
312:752–754. https://doi.org/10.1038/312752a0. 

	 21.	Bartness TJ, Demas GE, Song CK. 2002. Seasonal changes 
in adiposity: The roles of the photoperiod, melatonin, and 
other hormones, and sympathetic nervous system. Exp Biol Med  
(Maywood) 227:363–376. https://doi.org/10.1177/15353702022
2700601. 

	 22.	Beaumont SL. 2002. Ocular disorders of pet mice and rats. Vet Clin 
North Am Exot Anim Pract 5:311–324. https://doi.org/10.1016/
S1094-9194(01)00009-3. 

	 23.	Bedrosian TA, Fonken LK, Walton JC, Haim A, Nelson RJ. 
2011. Dim light at night provokes depression- like behaviors and 
reduced CA1 dendritic spine density in female hamsters. Psy-
choneuroendocrinology 36:1062–1069. https://doi.org/10.1016/ 
j.psyneuen.2011.01.004. 

	 24.	Bedrosian TA, Fonken LK, Walton JC, Nelson RJ. 2011. Chronic 
exposure to dim light at night suppresses immune responses in 
Siberian hamsters. Biol Lett 7:468–471. https://doi.org/10.1098/
rsbl.2010.1108. 

	 25.	Bedrosian TA, Galan A, Vaughn CA, Weil ZM, Nelson RJ. 2013. 
Light at night alters daily patterns of cortisol and clock proteins 

in female Siberian hamsters. J Neuroendocrinology 25:590–596. 
https://doi.org/10.1111/jne.12036. 

	 26.	Bellen HJ, Tong C, Tsuda H. 2010. One hundred years of 
Drosophila research and its impact on vertebrate neuroscience: a 
history lesson for the future. Nat Rev Neurosci 11:514–522. https://
doi.org/10.1038/nrn2839. 

	 27.	Bellhorn RW. 1980. Lighting in the animal environment. Lab Anim 
Sci 30:440–450. 

	 28.	Berson DM, Dunn FA, Takao M. 2002. Phototransduction by 
retinal ganglion cells that set the circadian clock. Science 295: 
1070–1073. https://doi.org/10.1126/science.1067262. 

	 29.	Bilu C, Einat H, Kronfeld-Schor N. 2016. Utilization of diurnal 
rodents in the research of depression. Drug Dev Res 77:336–345. 
https://doi.org/10.1002/ddr.21346. 

	 30.	Bittman EL, Karsch FJ, Hopkins JW. 1983. Role of the pineal gland 
in ovine photoperiodism: Regulation of seasonal breeding and 
negative feedback effects of estradiol upon lutenizing hormone 
secretion. Endocrinology 113:329–336. https://doi.org/10.1210/
endo-113-1-329. 

	 31.	Blask DE, Reiter RJ, Vaughn MK, Johnson LY. 1979. Differential 
effects of the pineal gland on LH-RH and FSH-RH activity in the 
medial basal hypothalamus of the male golden hamster. Neuroren-
docrinology 28:36–43. https://doi.org/10.1159/000122842. 

	 32.	Blask DE, Sauer LA, Dauchy RT. 2002. Melatonin as chrono-
biotic/anticanceragent: Cellular, biochemical, and molecular 
mechanisms of action and their implications for circadian-based 
cancer therapy. Curr Top Med Chem 2:113–132. https://doi.
org/10.2174/1568026023394407. 

	 33.	Blask DE, Brainard GC, Dauchy RT, Hanifin JP, Davidson LK, 
Krause JA, Sauer LA, Rivera-Bermudez MA, Dubocovich ML, 
Jasser SA, Lynch DT, Rollag MD, Zalatan F. 2005. Melatonin-
depleted blood from premenopausal women exposed to light at 
night stimulates growth of human breast cancer xenografts in nude 
rats. Cancer Res 65:11174–11184. https://doi.org/10.1158/0008-
5472.CAN-05-1945. 

	 34.	Blask DE, Dauchy RT, Dauchy EM, Mao L, Hill SM, Greene MW, 
Belancio VP, Sauer LA, Davidson L. 2014. light exposure at night 
disrupts host/cancer circadian regulatory dynamics: Impact on the 
Warburg effect, lipid signaling and tumor growth prevention. PLoS 
One 9:e102776. https://doi.org/10.1371/journal.pone.0102776. 

	 35.	Blask DE, Hill SM, Dauchy RT, Xiang S, Yuan L, Duplessis 
T, Mao L, Dauchy E, Sauer LA. 2011. Circadian regulation of 
molecular, dietary, and metabolic signaling mechanisms of hu-
man breast cancer growth by the nocturnal melatonin signal and 
the consequences of its disruption by light at night. J Pineal Res 
51:259–269. https://doi.org/10.1111/j.1600-079X.2011.00888.x. 

	 36.	Borniger JC, McHenry ZD, Salloum BA, Nelson RJ. 2014. 
Exposure to dim light at night during early development increases 
adult anxiety-like responses. Physiol Behav 133:99–106. https://
doi.org/10.1016/j.physbeh.2014.05.012. 

	 37.	Brainard GC, Richardson BA, King TS, Reiter RJ. 1984. The 
influence of different light spectra on the suppression of pineal 
melatonin content in the Syrian hamster. Brain Res 294:333–339. 
https://doi.org/10.1016/0006-8993(84)91045-X. 

	 38.	Brainard GC. 1989. Illumination of laboratory animal quarters: 
participation of light irradiance and wavelength in the regulation 
of the neuroendocrine system, p 69–74. In: Guttman HN, Mench 
JA, Simmonds RC, editors. Science and animals: Addressing 
contemporary issues. Bethesda (MD): Scientists Center for Animal 
Welfare.

	 39.	Brainard GC, Vaughan MK, Reiter RJ. 1986. Effect of light irradi-
ance and wavelength on the Syrian hamster reproductive system. 
Endocrinology 119:648–654. https://doi.org/10.1210/endo-119-2-
648. 

	 40.	Brainard GC, Lewy AJ, Menaker M, Miller LS, Fredrickson RH, 
Weleber RG, Cassone V, Hudson D. 1988. Dose-response rela-
tionship between light irradiance and the suppression of plasma 
melatonin in human volunteers. Brain Res 454:212–218. https://
doi.org/10.1016/0006-8993(88)90820-7. 

	 41.	Brainard GC, Rollag MD, Hanifin JP. 1997. Photic regulation 
of melatonin in humans: Ocular and neural signal transduction.  

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



17

Vivarium lighting as an extrinsic factor

J Biol Rhythms 12:537–546. https://doi.org/10.1177/074873049
701200608. 

	 42.	Brainard GC, Hanifin JP, Greeson JM, Byrne B, Glickman G, 
Gerner E, Rollag MD. 2001. Action spectrum for melatonin regu-
lation in humans: Evidence for a novel circadian photoreceptor. 
J Neurosci 21:6405–6412. https://doi.org/10.1523/JNEURO-
SCI.21-16-06405.2001. 

	 43.	Brainard GC, Hanifin JP. 2005. Photons, clocks, and conscious-
ness. J Biol Rhythms 20:314–325. https://doi.org/10.1177/ 
0748730405278951. 

	 44.	Brainard GC, Hanifin JP. 2014. Exploring the power of light: from 
photons to human health. CIE 2014 Lighting Quality & Energy 
Efficiency Conference Proceedings; Kuala Lumpur, Malaysia, April 
23–26, 2014.

	 45.	Brainard GC, Hanifin JP. 2017. Photoreception for human circa-
dian and neurobehavioral regulation, p 829–846. In: Karlickek R, 
Sun CC, Zissis G, Ma R, editors. Handbook of advanced lighting 
technology. Berlin: Springer–Verlag.

	 46.	Brenner FJ, Brenner PE. 1969. The influence of light and tempera-
ture on body fat and reproductive systems of Rana pipiens. Ohio J 
Sci 69:305–312.

	 47.	Bridges CD. 1959. Visual pigments of some common labora-
tory mammals. Nature 184 Suppl 22:1727–1728. https://doi.
org/10.1038/1841727a0. 

	 48.	Bronstein DM, Jacobs GH, Haak KA, Neitz J, Lytle LD. 1987. Action 
spectrum of the retinal mechanism mediating nocturnal light-
induced suppression of rat pineal gland N-acetyltransferase. Brain 
Res 406:352–356. https://doi.org/10.1016/0006-8993(87)90806-7. 

	 49.	Brown TM, Brainard GC, Cajochen C, Czeisler CA, Hanifin JP, 
Lockley SW, Lucas RJ, Münch M, O’Hagan JB, Peirson SN, 
Price LLA, Roenneberg T, Schlangen LJM, Skene DJ, Spitschan 
M, Vetter C, Zee PC, Wright KP Jr. 2022. Recommendations 
for daytime, evening, and nighttime indoor light exposure to 
best support physiology, sleep, and wakefulness in healthy 
adults. PLoS Biol 20:e3001571. https://doi.org/10.1371/journal.
pbio.3001571. 

	 50.	Butler MP, Silver R. 2011. Divergent photic thresholds in the 
non-image-forming visual system: Entrainment, masking, and 
pupillary light reflex. Proc Biol Sci 278:745–750. https://doi.
org/10.1098/rspb.2010.1509. 

	 51.	Buyse J, Adelsohn DS, Decuypere E, Scanes CG. 1993. 
Diurnal-nocturnal changes in food intake, gut storage of ingesta, 
food transit time and metabolism in growing broiler chickens: 
A model for temporal control of energy balance. Br Poult Sci 
34:699–709. https://doi.org/10.1080/00071669308417628. 

	 52.	Cardinali DP, Larin F, Wurtman RJ. 1972. Control of the rat pin-
eal gland by light spectra. Proc Natl Acad Sci USA 69:2003–2005. 
https://doi.org/10.1073/pnas.69.8.2003. 

	 53.	Carrillo-Vico A, Guerrero JM, Lardone PJ, Reiter RJ. 2005. A 
review of the multiple actions of melatonin on the immune system. 
Endocrine 27:189–200. https://doi.org/10.1385/ENDO:27:2:189. 

	 54.	Cermakian N, Lange T, Golombek D, Sarkar D, Nakao A, 
Shibata S, Mazzoccoli G. 2013. Crosstalk between the circadian 
clock circuitry and the immune system. Chronobiol Int 30:870–888. 
https://doi.org/10.3109/07420528.2013.782315. 

	 55.	Chang HC, Guarente L. 2013. SIRT1 mediates central circadian 
control in the SCN by a mechanism that decays with aging. Cell 
153:1448–1460. https://doi.org/10.1016/j.cell.2013.05.027. 

	 56.	Cherry JA. 1987. The effect of photoperiod on development of 
sexual behavior and fertility in golden hamsters. Physiol Behav 
39:521–526. https://doi.org/10.1016/0031-9384(87)90383-0. 

	 57.	Cheymol G. 2000. Effects of obesity on pharmacokinetics. Clin 
Pharmacokinet 39:215–231. https://doi.org/10.2165/00003088-
200039030-00004. 

	 58.	Chemineau P, Malpaux B, Delgadillo JA, Guerin Y, Ravault JP, 
Thimonier J, Pelletier J. 1992. Control of sheep and goat repro-
duction: Use of light and melatonin. Anim Reprod Sci 30:157–184. 
https://doi.org/10.1016/0378-4320(92)90010-B.

	 59.	Cissé YM, Russart KLG, Nelson RJ. 2017. Parental exposure to dim 
light at night prior to mating alters offspring adaptive immunity. 
Sci Rep 7:45497. https://doi.org/10.1038/srep45497. 

	 60.	Clarke JA. 1983. Moonlight’s influence on predator-prey interac-
tions between short-eared owls (Asio flammeus) and deer mice 
(Peromyscus maniculatus). Behav Ecol Sociobiol 13:205–209. https://
doi.org/10.1007/BF00299924.

	 61.	Clough G. 1982. Environmental effects on animals used in bio-
medical research. Biol Rev Camb Philos Soc 57:487–523. https://
doi.org/10.1111/j.1469-185X.1982.tb00705.x. 

	 62.	Clough G, Wallace J, Gamble MR, Merryweather ER, Bailey E. 
1995. A positive, individually ventilated caging system: A local 
barrier system to protect both animals and personnel. Lab Anim 
29:139–151. https://doi.org/10.1258/002367795780740221. 

	 63.	Collins FS, Tabak LA. 2014. Policy: NIH plans to enhance repro-
ducibility. Nature 505:612–613. https://doi.org/10.1038/505612a. 

	 64.	Commission Internationale de l’Eclairage. 2015. Report on the 
first international workshop on circadian and neurophysiologi-
cal photometry. 2013 CIE TN 003:2015. Vienna (Austria): CIE.

	 65.	Commission Internationale de l’Eclairage. 2018. CIE System for 
metrology of optical radiation for ipRGC-Influenced Responses 
to Light. CIE S 026/E:2018. Vienna (Austria): CIE. https://doi.
org/10.25039/S026.2018

	 66.	Concordat on Openness in Animal Research. 2014. [Internet]. 
Concordat on openness in animal research in the UK. [Cited 18 
June 2022]. Available at: https://concordatopenness.org.uk/wp-
content/uploads/2017/04/Concordat-Final-Digital.pdf.

	 67.	Conlon M, Lightfoot N, Kreiger N. 2007. Rotating shift work and 
risk of prostate cancer. Epidemiology 18:182–183. https://doi.
org/10.1097/01.ede.0000249519.33978.31. 

	 68.	Conti A, Maestroni GJM. 1998. Melatonin rhythms in mice: Role in 
autoimmune and lymphoproliferative diseases. Ann N Y Acad Sci 
840:395–410. https://doi.org/10.1111/j.1749-6632.1998.tb09578.x. 

	 69.	Coohill TP. 1991. Action spectra again? Photochem Photobiol 
54:859–870. https://doi.org/10.1111/j.1751-1097.1991.tb02103.x. 

	 70.	Coohill TP. 1999. Photobiological action spectra- what do they 
mean? p 27–39. In: Matthes R, Sliney D, Didomenico S, Murray 
P, Phillips R, Wengraitis S, editors. Measurements of optical 
radiation hazards. Munich, Germany: ICNIRP.

	 71.	Costa LS, Rosa PV, Fortes-Silva R, Sanchez-Vazquez FJ, 
Lopez-Olmeda JF. 2016. Daily rhythms of the expression of genes 
from the somatotropic axis: The influence on tilapia (Oreochromis 
niloticus) of feeding and growth hormone administration at 
different times. Comp Biochem Physiol C Toxicol Pharmacol 
181–182:27–34. https://doi.org/10.1016/j.cbpc.2015.12.008. 

	 72.	Council on Science and Public Health. [Internet]. 2012. Report 
4-A-12. Light pollution: Adverse health effects of nighttime light-
ing. American Medical Association House of Delegates Annual 
Meeting, Chicago, Illinois, 16–20 June 2012. AMA Policy H-135.937 
AMA Policy Database. [Cited 9 April 2019]. Available at: http://
circadianlight.com/images/pdfs/newscience/American-Medical-
Association-2012-Adverse-Health-Effects-of-Light-at-Night.pdf.

	 73.	Council on Science and Public Health. [Internet]. 2016. Report 
2-A-16. Human and environmental effects of light emitting diode 
(LED) community lighting. American Medical Association An-
nual Meeting, Chicago, Illinois, 10–15 June 2016. AMA Policy 
Resolution 907-I-16. AMA Policy Database. [Cited 9 April 2019]. 
Available at: https://policysearch.ama-assn.org/councilreports/
downloadreport?uri=/councilreports/a16_csaph2.pdf.

	 74.	Czeisler CA. 1995. The effect of light on the human circadian 
pacemaker. Ciba Found Symp 183:254–290. 

	 75.	Czeisler CA, Allan JS, Strogatz SH, Ronda JM, Sanchez R, Rios 
CD, Freitag WO, Richardson GS, Kronauer RE. 1986. Bright 
light resets the human circadian pacemaker independent of the 
timing of the sleep-wake cycle. Science 233:667–671. https://doi.
org/10.1126/science.3726555. 

	 76.	Dacey DM, Liao HW, Peterson BB, Robinson FR, Smith VC, 
Pokorny J, Yau KY, Gamlin PD. 2005. Melanopsin-expressing gan-
glion cells in primate retina signal color and irradiance and project to 
the LGN. Nature 433:749–754. https://doi.org/10.1038/nature03387. 

	 77.	Dauchy RT, Blask DE, Hofman AE, Xiang S, Hanifin JP, Warfield 
B, Brainard GC, Anbalagan M, Dupepe LM, Dobek GL, Belan-
cio VP, Dauchy EM, Hill SM. 2019. Influence of daytime LED 
light exposure on circadian regulatory dynamics of metabolism 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



18

Vol 62, No 1
Journal of the American Association for Laboratory Animal Science
January 2023

and physiology in mice. Comp Med 69:350–373. https://doi.
org/10.30802/AALAS-CM-19-000001. 

	 78.	Dauchy RT, Blask DE, Sauer LA, Brainard GC, Krause JA. 1999. 
Dim light during darkness stimulates tumor progression by 
enhancing tumor fatty acid uptake and metabolism. Cancer Lett 
144:131–136. https://doi.org/10.1016/S0304-3835(99)00207-4. 

	 79.	Dauchy RT, Dupepe LM, Ooms TG, Dauchy EM, Hill CR, Mao 
L, Belancio VP, Slakey LM, Hill SM, Blask DE. 2011. Eliminat-
ing animal facility light-at-night contamination and its effect on 
circadian regulation of rodent physiology, tumor growth and 
metabolism: A challenge in the relocation of a cancer research 
laboratory. J Am Assoc Lab Anim Sci 50:326–336. 

	 80.	Dauchy RT, Dauchy EM, Hanifin JP, Gauthreaux SL, Mao L, 
Belancio VP, Ooms TG, Dupepe LM, Jablonski MR, Warfield 
B, Wren MA, Brainard GC, Hill SM, Blask DE. 2013. Effects 
of spectral transmittance through standard laboratory cages on 
circadian metabolism and physiology in nude rats. J Am Assoc 
Lab Anim Sci 52:146–156. 

	 81.	Dauchy RT, Hoffman AE, Wren-Dail MA, Hanifin JP, Warfield B, 
Brainard GC, Hill SM, Belancio VP, Dauchy EM, Smith K, Blask 
DE. 2015. Daytime blue light enhances the nighttime circadian 
melatonin inhibition of human prostate cancer growth. Comp 
Med 65:473–485. 

	 82.	Dauchy RT, Sauer LA, Blask DE, Vaughn GM. 1997. Light con-
tamination during the dark phase in ‘photoperiodically controlled’ 
animal rooms: Effect on tumor growth and metabolism in rats. Lab 
Anim Sci 47:511–518. 

	 83.	Dauchy RT, Wren MA, Dauchy EM, Hoffman AE, Warfield B, 
Jablonski MR, Brainard GC, Hill SM, Mao L, Dobek GL, Dupepe 
LM, Blask DE. 2015. The influence of red-light exposure at night 
on circadian metabolism and physiology in Sprague–Dawley rats. 
J Am Assoc Lab Anim Sci 54:40–50. 

	 84.	Dauchy RT, Wren-Dail MA, Hoffman AE, Hanifin JP, Warfield 
B, Brainard GC, Xiang S, Yuan L, Hill SM, Belancio VP, Dauchy 
EM, Smith K, Blask DE. 2016. Effects of daytime exposure to light 
from blue-enriched light-emitting diodes on the nighttime mela-
tonin amplitude and circadian regulation of rodent metabolism 
and physiology. Comp Med 66:373–383. 

	 85.	Dauchy RT, Xiang S, Mao L, Brimmer S, Wren MA, Anbalagan M, 
Hauch A, Frasch T, Rowan BG, Blask DE, Hill SM. 2014. Circadian 
and melatonin disruption by exposure to light at night drives in-
trinsic resistance to tamoxifen therapy in breast cancer. Cancer Res 
74:4099–4110. https://doi.org/10.1158/0008-5472.CAN-13-3156. 

	 86.	Davis S, Mirick DK, Stevens RG. 2001. Night shift work, light at 
night, and risk of breast cancer. J Natl Cancer Inst 93:1557–1562. 
https://doi.org/10.1093/jnci/93.20.1557. 

	 87.	De Boer SF, Vander Gugten J. 1987. Daily variations in plasma 
noadrenaline, adrenaline, and corticosterone concentrations in 
rats. Physiol Behav 40:323–328. https://doi.org/10.1016/0031-
9384(87)90054-0. 

	 88.	Devlin PF, Kay SA. 2001. Circadian photoperception. Annu Rev 
Physiol 63:677–694. https://doi.org/10.1146/annurev.physi-
ol.63.1.677. 

	 89.	de Vosjoli P. 1999. Designing environments for captive amphibians 
and reptiles. Vet Clin North Am Exot Anim Pract 2:43–68. https://
doi.org/10.1016/S1094-9194(17)30139-1. 

	 90.	Diaz B, Blazquez E. 1986. Effect of pinealectomy on plasma 
glucose, insulin, and glucagon levels in the rat. Horm Metab Res 
18:225–229. https://doi.org/10.1055/s-2007-1012279. 

	 91.	DiLaura DL, Houser KW, Mistrick RG, Steffy GR, editors. 2011. 
Lighting handbook, 10th edition: Reference and application. New 
York (NY): Illuminating Engineering Society of North America.

	 92.	Di Rosa V, Frigato E, López-Olmeda JF, Sánchez-Vázquez FJ, 
Bertolucci C. 2015. The light wavelength affects the ontogeny 
of clock gene expression and activity rhythms in zebrafish lar-
vae. PLoS One 10:e0132235. https://doi.org/10.1371/journal.
pone.0132235. 

	 93.	Dkhissi-Benyahya O, Gronfier C, De Vanssay W, Flamant F, 
Cooper HM. 2007. Modeling the role of mid-wavelength cones 
in circadian responses to light. Neuron 53:677–687. https://doi.
org/10.1016/j.neuron.2007.02.005. 

	 94.	Dominoni DM, Quetting M, Partecke J. 2013. Long-term effects of 
chronic light pollution on seasonal functions in blackbirds (Turdus 
merula). PLoS ONE 8:e85069. https://doi.org/10.1371/journal.
pone.0085069. 

	 95.	Dubocovich ML. 2007. Melatonin receptors: Role on sleep and 
circadian rhythm regulation. Sleep Med 8:34–42. https://doi.
org/10.1016/j.sleep.2007.10.007. 

	 96.	Duncan TE, O’Steen WK. 1985. The diurnal susceptibility of rat 
retinal photoreceptors to light-induced damage. Exp Eye Res 
41:497–507. https://doi.org/10.1016/S0014-4835(85)80007-5. 

	 97.	Dushay MS, Rosbash M, Hall JC. 1989. The disconnected visual 
system mutations in Drosophila melanogaster drastically disrupt 
circadian rhythms. J Biol Rhythms 4:1–27. https://doi.org/10.11
77/074873048900400101. 

	 98.	Ebihara S, Tsuji K. 1980. Entrainment of the circadian activity 
rhythm to the light cycle: Effective light intensity for a Zeitgeber 
in the retinal degenerate C3H mouse and the normal C57BL 
mouse. Physiol Behav 24:523–527. https://doi.org/10.1016/0031-
9384(80)90246-2. 

	 99.	Ebihara S, Hudson DJ, Marks T, Menaker M. 1987. Pineal indole 
metabolism in the mouse. Brain Res 416:136–140. https://doi.
org/10.1016/0006-8993(87)91505-8. 

	100.	Ecker JL, Dumitrescu ON, Wong KY, Alam NM, LeGates T, 
Renna JM, Berson DM, Hattar S. 2010. Melanopsin-expressing 
retinal ganglion-cell photoreceptors: Cellular diversity and role 
in pattern vision. Neuron 67:49–60. https://doi.org/10.1016/ 
j.neuron.2010.05.023. 

	101.	Emanuel AJ, Do MTH. 2015. Melanopsin tristability for sustained 
and broadband phototransduction. Neuron 85:1043–1055. https://
doi.org/10.1016/j.neuron.2015.02.011. 

	102.	Emmer KM, Russart KLG, Walker WH 2nd, Nelson RJ, DeVries 
AC. 2018. Effects of light at night on laboratory animals and 
research outcomes. Behav Neurosci 132:302–314. https://doi.
org/10.1037/bne0000252. 

	103.	Fain GL, Hardie R, Laughlin SB. 2010. Phototransduction and the 
evolution of photoreceptors. Curr Biol 20:R114–R124. https://doi.
org/10.1016/j.cub.2009.12.006. 

	104.	Falchi F, Cinzano P, Duriscoe D, Kyba CCM, Elvidge CD, Baugh 
K, Portnov BA, Rybnikova NA, Furgoni R. 2016. The new world 
atlas of artificial night sky brightness. Sci Adv 2:e1600377. https://
doi.org/10.1126/sciadv.1600377. 

	105.	Filadelfi AM, Castrucci AM. 1996. Comparative aspects of the pin-
eal/melatonin system in poikilothermic vertebrates. J Pineal Res 
20:175–186. https://doi.org/10.1111/j.1600-079X.1996.tb00256.x. 

	106.	Firebaugh A, Haynes KJ. 2016. Experimental tests of light- 
pollution impacts on nocturnal insect courtship and dispersal.  
Oecologia 182:1203–1211. https://doi.org/10.1007/s00442-016-3723-1. 

	107.	 Föh B, Schröder T, Oster H, Derer S, Sina C. 2019. Seasonal 
clock changes are underappreciated health risks-also in 
IBD? Front Med (Lausanne) 6:103. https://doi.org/10.3389/
fmed.2019.00103. 

	108.	Fonken LK, Aubrecht TG, Melédez-Fernández OH, Weil ZM, 
Nelson RJ. 2013. Dim light at night disrupts molecular circadian 
rhythms and affects metabolism. J Biol Rhythms 28:262–271. 
https://doi.org/10.1177/0748730413493862. 

	109.	Fonken LK, Finy MS, Walton JC, Weil ZM, Workman JL, Ross J, 
Nelson RJ. 2009. Influence of light at night on murine anxiety- and 
depressive-like responses. Behav Brain Res 205:349–354. https://
doi.org/10.1016/j.bbr.2009.07.001. 

	110.	Fonken LK, Workman JL, Walton JC, Weil ZM, Morris JS, Haim 
A, Nelson RJ. 2010. Light at night increases body mass by shifting 
the time of food intake. Proc Natl Acad Sci USA 107:18664–18669. 
https://doi.org/10.1073/pnas.1008734107. 

	111.	Fonken LK, Kitsmiller E, Smale L, Nelson RJ. 2012. Dim nighttime 
light impairs cognition and provokes depressive-like responses 
in a diurnal rodent. J Biol Rhythms 27:319–327. https://doi.
org/10.1177/0748730412448324. 

	112.	Fonken LK, Aubrecht TG, Melendez-Fernandez OH, Weil ZM, 
Nelson RJ. 2013. Dim light at night disrupts molecular circadian 
rhythms and increases body weight. J Biol Rhythms 28:262–271. 
https://doi.org/10.1177/0748730413493862. 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



19

Vivarium lighting as an extrinsic factor

	113.	Forsburg ZR, Guzman A, Gabor CR. 2021. Artificial light at 
night (ALAN) affects the stress physiology but not the behavior 
or growth of Rana berlandieri and Bufo valliceps. Environ Pollut 
277:116775. https://doi.org/10.1016/j.envpol.2021.116775. 

	114.	Foster RG. 2005. Bright blue times. Nature 433:698–699. https://
doi.org/10.1038/433698a. 

	115.	Foster RG, Hankins MW, Peirson SN. 2007. Light, photorecep-
tors, and circadian clocks. Methods Mol Biol 362:3–28. https://
doi.org/10.1007/978-1-59745-257-1_1. 

	116.	Foster RG, Helfrich-Förster C. 2001. The regulation of circadian 
clocks by light in fruit flies and mice. Philos Trans R Soc Lond B 
Biol Sci 356:1779–1789. https://doi.org/10.1098/rstb.2001.0962. 

	117.	Foster RG, Provencio I, Hudson D, Fiske S, De Grip W, Menaker 
M. 1991. Circadian photoreception in the retinally degener-
ate mouse (rd/rd). J Comp Physiol A 169:39–50. https://doi.
org/10.1007/BF00198171. 

	118.	Gabel V, Maire M, Reichert SL, Chellappa CF, Schmidt C, 
Hommes V, Viola AU, Cajochen C. 2013. Effects of artificial dawn 
and morning blue light on daytime cognitive performance, well-
being, cortisol, and melatonin levels. Chronobiol Int 30:988–997. 
https://doi.org/10.3109/07420528.2013.793196. 

	119.	Galano A, Reiter RJ. 2018. Melatonin and its metabolites vs 
oxidative stress: From individual actions to collective protection.  
J Pineal Res 65:e12514. https://doi.org/10.1111/jpi.12514. 

	120.	Gamlin PDR, McDougal DH, Pokorny J, Smith VC, Yau K-W, 
Dacey DM. 2007. Human and macaque pupil responses driven by 
melanopsin-containing retinal gangion cells. Vision Res 47:946–954. 
https://doi.org/10.1016/j.visres.2006.12.015. 

	121.	Gerhart-Hines Z, Dominy JE, Blättler SM, Jedrychowski MP, 
Banks AS, Lim JH, Chim H, Gygi SP, Puigserver P. 2011. The 
cAMP/PKA pathway rapidly activates SIRT1to promote fatty acid 
oxidation independently of changes in NAD+. Mol Cell 44:851–863. 
https://doi.org/10.1016/j.molcel.2011.12.005. 

	122.	Geyer B, Erickson NA, Müller K, Grübel S, Hueber B, Hetz 
SK, Brecht M. 2022. Establishing and maintaining an Etruscan 
shrew colony. J Am Assoc Lab Anim Sci 61:52–60. https://doi.
org/10.30802/AALAS-JAALAS-21-000068. 

	123.	Gilbert SF. 2012. Ecological developmental biology: Environmen-
tal signals for normal animal development. Evol Dev 14:20–28. 
https://doi.org/10.1111/j.1525-142X.2011.00519.x. 

	124.	Glickman G, Levin R, Brainard GC. 2002. Ocular input for human 
melatonin regulation: Relevance to breast cancer. Neuro Endocrinol 
Lett 23:17–22. 

	125.	Glickman G, Webb IC, Elliott JA, Baltazar RM, Reale ME, 
Lehman MN, Gorman MR. 2012. Photic sensitivity for circa-
dian response to light varies with photoperiod. J Biol Rhythms 
27:308–318. https://doi.org/10.1177/0748730412450826. 

	126.	Glossop NR, Lyons LC, Hardin PE. 1999. Interlocked feedback 
loops with the Drosophila circadian oscillator. Science 286:766–768. 
https://doi.org/10.1126/science.286.5440.766. 

	127.	Gnocchi D, Bruscalupi G. 2017. Circadian rhythms and hormonal 
homeostasis: Pathophysiological implications. Biology (Basel) 6:10. 
https://doi.org/10.3390/biology6010010. 

	128.	Gooley JJ, Lu J, Fischer D, Saper CB. 2003. A broad role for mel-
anopsin in nonvisual photoreception. J Neurosci 23:7093–7106. 
https://doi.org/10.1523/JNEUROSCI.23-18-07093.2003. 

	129.	Goto M, Oshima I, Tomita T, Ebihara S. 1989. Melatonin content of 
the pineal gland in different mouse strains. J Pineal Res 7:195–204. 
https://doi.org/10.1111/j.1600-079X.1989.tb00667.x. 

	130.	Greenman DL, Bryant P, Kodell RL, Sheldon W. 1982. Influence of 
cage shelf level on retinal atrophy in mice. Lab Anim Sci 32:353–356. 

	131.	Greenman DL, Kodell RL, Sheldon WG. 1984. Association be-
tween cage shelf level and spontaneous and induced neoplasms 
in mice. J Natl Cancer Inst 73:107–113. 

	132.	Griffith MK, Minton JE. 1992. Effect of light intensity on circadian 
profiles of melatonin, prolactin, ACTH, and cortisol in pigs. J Anim 
Sci 70:492–498. https://doi.org/10.2527/1992.702492x. 

	133.	Gwinner E. 1973. Circannual rhythms in birds: Their interaction 
with circadian rhythms and environmental photoperiod. J Reprod 
Fertil Suppl 19:51–65. 

	134.	Gwinner E, König S, Zeman M. 1995. Endogenous gonadal, 
LH and molt rhythms in tropical stonechats: Effect of pair bond 

on period, amplitude, and patterns of circannual cycles. J Comp 
Physiol A 177:73–79. https://doi.org/10.1007/BF00243399. 

	135.	Gwinner E, Schwabl-Benzinger I, Schwabl H, Dittami J. 1993. 
Twenty-four-hour melatonin profiles in a nocturnal migrating bird 
during and between migratory seasons. Gen Comp Endocrinol 
90:119–124. https://doi.org/10.1006/gcen.1993.1066. 

	136.	Hanifin JP, Brainard GC. 2007. Photoreception for circadian, neu-
roendocrine, and neurobehavioral regulation. J Physiol Anthropol 
26:87–94. https://doi.org/10.2114/jpa2.26.87. 

	137.	Hanifin JP, Dauchy RT, Blask DE, Hill SM, Brainard GC. 
2020. Relavance of electrical light on circadian, neuroendocrine, 
and neurobehavioral regulation in laboratory animal facilities. 
60:150–158. https://doi.org/10.1093/ilar/ilaa010.

	138.	 Hannibal J, Christiansen AT, Heegaard S, Fahrenkrug J, 
Kiilgaard JF. 2017. Melanopsin expressing human retinal 
ganglion cells: Subtypes, distribution, and intraretinal connec-
tivity. J Comp Neurol 525:1934–1961. https://doi.org/10.1002/
cne.24181. 

	139.	Hardin PE, Hall JC, Roshbash M. 1990. Feedback of the Drosophila 
period gene product on circadian cycling of its messenger RNA 
levels. Nature 343:536–540. https://doi.org/10.1038/343536a0. 

	140.	Harris BN, Saltzman W. 2013. Effects of aging on hypothalamic-
pituitary-adrenal (HPA) axis activity and reactivity in virgin male 
and female California mice (Peromyscus californicus). Gen Comp 
Endocrinol 186:41–49. https://doi.org/10.1016/j.ygcen.2013. 
02.010. 

	141.	Hastings MH, Reddy AB, Maywood ES. 2003. A clockwork web: 
Circadian time in brain and periphery, in health and disease. Nat 
Rev Neurosci 4:649–661. https://doi.org/10.1038/nrn1177. 

	142.	Hattar S, Liao H-W, Takao M, Berson DM, Yau KW. 2002. 
Melanopsin-containing retinal ganglion cells: Architecture, pro-
jections, and intrinsic photosensitivity. Science 295:1065–1070. 
https://doi.org/10.1126/science.1069609. 

	143.	Hattar S, Kumar M, Park A, Tong P, Tung J, Yau KW, Berson 
DM. 2006. Central projections of melanopsin-expressing retinal 
ganglion cells in the mouse. J Comp Neurol 497:326–349. https://
doi.org/10.1002/cne.20970. 

	144.	Hattar S, Lucas RJ, Mrosovsky N, Thompson S, Douglas RH, 
Hankins MW, Lem J, Biel M, Hofman F, Foster RG, Yau KW. 
2003. Melanopsin and rod-cone photoreceptive systems account 
for all major accessory visual functions in mice. Nature 424:75–81. 
https://doi.org/10.1038/nature01761. 

	145.	He Q, Heshka S, Labu J, Boxt L, Krasnow N, Marinos E, 
Gallagher D. 2009. Smaller organ mass with greater age, except 
for heart. J Appl Physiol 106:1780–1784. https://doi.org/10.1152/
japplphysiol.90454.2008. 

	146.	Heeke DS, White MP, Mele GD, Hanifin JP, Brainard GC, Rollag 
MD, Winget CM, Holley DC. 1999. Light-emitting diodes and cool 
white fluorescent light similarly suppress pineal gland melatonin 
and maintain retinal function and morphology in the rat. Lab Anim 
Sci 49:297–304. 

	147.	Hill SM, Blask DE. 1988. Effects of the pineal hormone melatonin 
on the proliferation and morphological characteristics of human 
breast cancer cells (MCF-7) in culture. Cancer Res 48:6121–6126. 

	148.	Horspool WM, Song P-S, editors. 1994. Organic photochemistry 
and photobiology. New York (NY): CRC Press.

	149.	Hotamisligil GS, Shargill NS, Spiegelman BM. 1993. Adipose 
expression of tumor necrosis factor-alpha: Direct role in 
obesity-linked insulin resistance. Science 259:87–91. https://doi.
org/10.1126/science.7678183. 

	150.	Hughes S, Watson TS, Foster RG, Peirson SN, Hankins MW. 2013. 
Nonuniform distribution and spectral tuning of photosensitive 
retinal ganglion cells of the mouse retina. Curr Biol 23:1696–1701. 
https://doi.org/10.1016/j.cub.2013.07.010. 

	151.	 Illnerová H, Vanĕcek J, Hoffman K. 1983. Regulation of the 
pineal melatonin concentration in the rat (Rattus norvegicus) 
and the Djungarian hamster (Phodopus sungorus). Comp 
Biochem Physiol A Comp Physiol 74:155–159. https://doi.
org/10.1016/0300-9629(83)90727-2. 

	152.	 Ikeda Y, Sasaki H, Ohtsu T, Shiraishi T, Tahara Y, Shibata S. 2015. 
Feeding and adrenal entrainment stimuli are both necessary for 
normal circadian oscillation of peripheral clocks in mice housed 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



20

Vol 62, No 1
Journal of the American Association for Laboratory Animal Science
January 2023

under different photoperiods. Chronobiol Int 32:195–210. https://
doi.org/10.3109/07420528.2014.962655. 

	153.	 Illuminating Engineering Society of North America. 2008. Light 
and human health: An overview of the impact of optical radia-
tion on visual, circadian, neuroendocrine, and neurobehavioral 
responses, IED TM-18-08. New York (NY): Illuminating Engineer-
ing Society of North America.

	154.	 Illuminating Engineering Society of North America. [Internet]. 
2017. IES board position on AMA CSAPH Report 2-A-16, human 
and environmental effects of light emitting diode (LED) commu-
nity lighting. [Cited 9 June 2019]. Available at: https://www.ies.
org/about-outreach/position-statements/ies-board-position-on-
ama-csaph-report-2-a-16-human-and-environmental-effects-of-
light-emitting-diode-led-community-lighting/

	155.	 Imai SI. 2016. The NAD world 2.0: The importance of the inter-
tissue communication mediated by NAMPT/NAD+/SIRT1 in 
mammalian aging and longevity control. NPJ Syst Biol Appl 
2:16018. https://doi.org/10.1038/npjsba.2016.18. 

	156.	 Institute for Laboratory Animal Research. 2011. Guide for the 
care and use of laboratory animals, 8th edition. Washington (DC): 
National Academies Press.

	157.	 Ishida A, Mutoh T, Ueyama T, Bando H, Masubuchi S, Nakahara 
D, Tsujimoto G, Okamura H. 2005. Light activates the adrenal 
gland: Timing of gene expression and glucocorticoid release. Cell 
Metab 2:297–307. https://doi.org/10.1016/j.cmet.2005.09.009. 

	158.	 Ivanisević-Milovanović OK, Demajo M, Karakasević A, 
Pantić V. 1995. The effect of constant light on the concentration 
of catecholamines of the hypothalamus and adrenal glands, 
circulatory hardenocorticotropin hormone, and progesterone. 
J Endocrinol Invest 18:378–383. https://doi.org/10.1007/
BF03347842. 

	159.	 Jacobs GH, Fenwick JA, Williams GA. 2001. Cone-based vision 
of rats for ultraviolet and visible lights. J Exp Biol 204:2439–2446. 
https://doi.org/10.1242/jeb.204.14.2439. 

	160.	 Jacobs GH, Neitz J, Deegan JF. 1991. Retinal receptors in rodents 
maximally sensitive to ultraviolet light. Nature 353:655–656. 
https://doi.org/10.1038/353655a0. 

	161.	 Jin X, Shearman LP, Weaver DR, Zylka MJ, deVries GJ, Repert 
SM. 1999. A molecular mechanism regulating rhythmic output 
from the suprachiasmatic circadian clock. Cell 96:57–68. https://
doi.org/10.1016/S0092-8674(00)80959-9. 

	162.	 Jones TM, Durrant J, Michaelides EB, Green MP. 2015. Melatonin: 
A possible link between the presence of artificial light at night and 
reductions in biological fitness. Philo Trans R Soc Lond B Biol Sci 
370:20140122. https://doi.org/10.1098/rstb.2014.0122. 

	163.	 Jud C, Schmutz I, Hampp G, Oster H, Albrecht U. 2005. A guide-
line for analyzing circadian wheel-running behavior in rodents 
under different lighting conditions. Biol Proced Online 7:101–116. 
https://doi.org/10.1251/bpo109. 

	164.	Kalsbeek A, Strubbe JH. 1998. Circadian control of insulin 
secretion is independent of the temporal distribution of feed-
ing. Physiol Behav 63:553–560. https://doi.org/10.1016/
S0031-9384(97)00493-9. 

	165.	Karman BN, Tischkau SA. 2006. Circadian clock gene expression in 
the ovary: Effects of luteinizing hormone. Biol Reprod 75:624–632. 
https://doi.org/10.1095/biolreprod.106.050732. 

	166.	Kasahara T, Abe K, Mekada K, Yoshiki A, Kata T. 2010. Genetic 
variation of melatonin productivity in laboratory mice under 
domestication. Proc Natl Acad Sci USA 107:6412–6417. https://
doi.org/10.1073/pnas.0914399107. 

	167.	Kennaway DJ, Voultsios A, Varcoe TJ, Moyer RW. 2002. Melatonin 
in mice: Rhythms, response to light, adrenergic stimulation, and 
metabolism. Am J Physiol Regul Integr Comp Physiol 282:352–365. 
https://doi.org/10.1152/ajpregu.00360.2001. 

	168.	Khalsa SB, Jewett ME, Cajochen C, Czeisler CA. 2003. A 
phase response curve to single bright light pulses in human 
subjects. J Physiol 549:945–952. https://doi.org/10.1113/jphysi-
ol.2003.040477. 

	169.	Khan ZA, Yumnamcha T, Rajiv C, Sanjita Devi H, Mondal 
G, Devi SD, Bharali R, Chattoraj A. 2016. Melatonin biosyn-
thesizing enzyme genes and clock genes in ovary and whole 
brain of zebrafish (Danio rerio): Differential expression and a 

possible interplay. Gen Comp Endocrinol 233:16–31. https://doi.
org/10.1016/j.ygcen.2016.05.014. 

	170.	Klein DC, Weller JL. 1972. Rapid light-induced decrease in pin-
eal serotonin N-acetyltransferase activity. Science 177:532–533. 
https://doi.org/10.1126/science.177.4048.532. 

	171.	Kloog I, Haim A, Stevens RG, Barchana M, Portnov BE. 2008. 
Light at night co-distributes with incident breast but not lung 
cancer in female population of Israel. Chronobiol Int 25:65–81. 
https://doi.org/10.1080/07420520801921572. 

	172.	Konopka RJ, Benzer S. 1971. Clock mutant of Drosophila 
melanogaster. Proc Natl Acad Sci USA 68:2112–2116. https://doi.
org/10.1073/pnas.68.9.2112. 

	173.	Kou R, Chen S, Yang R, Hsu C-C. 2019. Photoperiod-dependent 
release of suppression pheromone in the male lobster cockroach 
Nauphoeta cinerea. Naturwissenschaften 106:56. https://doi.
org/10.1007/s00114-019-1654-5. 

	174.	 Kouser S, Palaksha, Shakunthala V. 2013. Study on fit-
ness of Drosophila melanogaster in different light regimes. 
Biol Rhythm Res 45:293–300. https://doi.org/10.1080/092910
16.2013.817138.

	175.	Koyanagi M, Kubokawa K, Tsukamoto H, Shichida Y, Terakita A. 
2005. Cephalochordate melanopsin: Evolutionary linkage between 
invertebrate visual cells and vertebrate photosensitive retinal 
ganglion cells. Curr Biol 15:1065–1069. https://doi.org/10.1016/ 
j.cub.2005.04.063. 

	176.	Laakso ML, Porkka-Heiskane T, Alila A, Peder M, Johansson G. 
1988. Twenty-four-hour patterns of pineal melatonin and pituitary 
and plasma prolactin in male rats under ‘natural’ and artificial 
lighting conditions. Neuroendocrinology 48:308–313. https://doi.
org/10.1159/000125027. 

	177.	La Fleur SE, Kalsbeek A, Wortel J, van der Vliet J, Buijs RM. 
2001. Role for the pineal and melatonin in glucose homeosta-
sis: Pinealectomy increases nighttime glucose concentrations.  
J Neuroendocrinol 13:1025–1032. https://doi.org/10.1046/j.1365-
2826.2001.00717.x. 

	178.	Lamb TD. 2009. Evolution of vertebrate retinal photoreception. 
Philos Trans R Soc Lond B Biol Sci 364:2911–2924. https://doi.
org/10.1098/rstb.2009.0102. 

	179.	Lamia KA, Storch K, Weitz CJ. 2008. Physiological significance 
of a peripheral tissue circadian clock. Proc Natl Acad Sci USA 
105:15172–15177. https://doi.org/10.1073/pnas.0806717105. 

	180.	Landskron G, De la Fuente M, Thuwajit P, Thuwajit C, Hermoso 
MA. 2014. Chronic inflammation and cytokines in the tumor 
microenvironment. J Immunol Res 2014:149185. https://doi.
org/10.1155/2014/149185. 

	181.	Lawton IE, Schwartz NB. 1967. Pituitary-ovarian function in rats 
exposed to constant light: A chronological study. Endocrinology 
81:497–508. https://doi.org/10.1210/endo-81-3-497. 

	182.	Leamey CA, Protti DA, Dreher B. 2008. Comparative survey of the 
mammalian visual system with reference to the mouse, p 35–60. 
In: Chalupa LM, Williams, editors. Eye, retina, and visual system 
of the mouse. Cambridge (MA): MIT Press.

	183.	Lee S, Donehower LA, Herron AJ, Moore DD, Fu L. 2010. Dis-
rupting circadian homeostasis of sympathetic signaling promotes 
tumor development in mice. PLoS One 5:e10995. https://doi.
org/10.1371/journal.pone.0010995. 

	184.	LeGates TA, Altimus CM, Wang H, Lee H-K, Yang S, Zhao H, 
Kirkwood A, Webber ET, Hattar S. 2012. Aberrant light directly 
impairs mood and learning through melanopsin-expressing  
neurons. Nature 491:594–598. https://doi.org/10.1038/nature 
11673. 

	185.	Lerner AB, Case JD, Takahashi Y. 1960. Isolation of melatonin 
and 5-methoxyindole-3-acetic acid from bovine pineal glands. 
J Biol Chem 235:1992–1997. https://doi.org/10.1016/S0021-
9258(18)69351-2. 

	186.	Lerner AB, Case JD, Takahashi Y, Lee Y, Mori W. 1958. Isolation 
of melatonin, the pineal gland factor that lightens melanocytes. J 
Am Chem Soc 80:2587. https://doi.org/10.1021/ja01543a060.

	187.	Le Tallec T, Thery M, Perret M. 2016. Melatonin concentrations  
and timing of seasonal reproduction in male mouse lemurs 
(Microcebus murinus) exposed to light pollution. J Mammal 
97:753–760. https://doi.org/10.1093/jmammal/gyw003.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



21

Vivarium lighting as an extrinsic factor

	188.	Lettieri-Barbato D, Cannata SM, Casagrande V, Ciriolo MR, 
Aquilano K. 2018. Time-controlled fasting prevents aging-like mi-
tochondrial changes induced by persistent dietary fat overload in 
skeletal muscle. PLoS One 13:e0195912. https://doi.org/10.1371/
journal.pone.0195912. 

	189.	Lewy AJ, Tetsuo M, Markey SP, Goodwin FK, Kopin IJ. 1980. 
Pinealectomy abolishes plasma melatonin concentration in the 
rat. J Clin Endocrinol Metab 50:204–205. https://doi.org/10.1210/
jcem-50-1-204. 

	190.	Lewy AJ, Wehr TA, Goodwin FK, Newsome DA, Markey SP. 
1980. Light suppresses melatonin secretion in humans. Science 
210:1267–1269. https://doi.org/10.1126/science.7434030. 

	191.	Leyva H, Addiego L, Stabenfeldt G. 1984. The effect of different 
photoperiods on plasma concentrations of melatonin, prolactin, 
and cortisol in the domestic cat. Endocrinology 115:1729–1736. 
https://doi.org/10.1210/endo-115-5-1729. 

	192.	Li JC, Xu F. 1997. Influence of light–dark shifting on the immune 
system, tumor growth, and lifespan of rats, mice, and fruit flies 
as well as on the counteraction of melatonin. Biol Signals 6:77–89. 
https://doi.org/10.1159/000109112. 

	193.	Lightman SL, Wiles CC, Atkinson HC, Henley DE, Russell 
GM, Leendertz JA, McKenna MA, Spiga F, Wood SA, 
Conway-Campbell BL. 2008. The significance of glucocorti-
coid pulsatility. Eur J Pharmacol 583:255–262. https://doi.org/ 
10.1016/j.ejphar.2007.11.073. 

	194.	Lima FB, Machado UF, Bartol I, Seraphim PM, Sumida DH, 
Moraes SMF, Hell NS, Okamotot NM, Saad MJ, Carvalho 
CR, Cipolla-Neto J. 1998. Pinealectomy causes glucose intoler-
ance and decreases adipose cell responsiveness to insulin in 
rats. Am J Physiol 275:E934–E941. https://doi.org/10.1152/
ajpendo.1998.275.6.E934. 

	195.	Lin MC, Kripke DF, Parry BL, Berga SL. 1990. Night light al-
ters menstrual cycles. Psychiatry Res 33:135–138. https://doi.
org/10.1016/0165-1781(90)90067-F. 

	196.	Lindkvist S, Ternman E, Ferneborg S, Bånkestad D, Lindquist 
J, Björn E, Agenäs S. 2021. Effects of achromatic and chromatic 
lights on pupillary response, endocrinology, activity, and milk 
production in dairy cows. PLoS One 16:e0253776. https://doi.
org/10.1371/journal.pone.0253776. 

	197.	Liu K, Xin H, Settar P. 2018. Effects of light-emitting diode light 
v. fluorescent light on growing performance, activity levels and 
well-being of non-beak-trimmed W-36 pullets. Animal 12:106–115. 
https://doi.org/10.1017/S1751731117001240. 

	198.	Liu Z, Gan L, Luo D, Sun C. 2017. Melatonin promotes circadian 
rhythm-induced proliferation through Clock/histone deacety-
lase 3/c-Myc interaction in mouse adipose tissue. J Pineal Res 
62:e12383. https://doi.org/10.1111/jpi.12383. 

	199.	Lockley SW, Brainard GC, Czeisler CA. 2003. High sensitivity 
of the human circadian melatonin rhythm to resetting by short 
wavelength light. J Clin Endocrinol Metab 88:4502–4505. https://
doi.org/10.1210/jc.2003-030570. 

	200.	Lone SR, Sharma VK. 2008. Exposure to light enhances pre-adult 
fitness in 2 dark-dwelling sympatric species of ants. BMC Dev Biol 
8:113. https://doi.org/10.1186/1471-213X-8-113. 

	201.	Lucas RJ, Douglas RH, Foster RG. 2001. Characterization of an 
ocular photopigment capable of driving pupillary constriction in 
mice. Nat Neurosci 4:621–626. https://doi.org/10.1038/88443. 

	202.	Lucas RJ, Freedman MS, Munoz M, Garcia-Fernandez JM, Foster 
RG. 1999. Regulation of the mammalian pineal by non-rod, non-
cone, ocular photoreceptors. Science 284:505–507. https://doi.
org/10.1126/science.284.5413.505. 

	203.	Lucas RJ, Hattar S, Takao M, Berson DM, Foster RG, Yau KW. 
2003. Diminished pupillary light reflex at high irradiances in 
melanopsin-knockout mice. Science 299:245–247. https://doi.
org/10.1126/science.1077293. 

	204.	Lucas RJ, Lall GS, Allen AE, Brown TM. 2012. How rod, cone, 
and melanopsin photoreceptors come together to enlighten the 
mammalian circadian clock. Prog Brain Res 199:1–18. https://doi.
org/10.1016/B978-0-444-59427-3.00001-0. 

	205.	Lucas RJ, Pierson SN, Berson DM, Brown TM, Cooper HM, 
Czeisler CA, Figueiro MG, Gamlin PD, Lockely SW, O’Hagan JB, 
Price LLA, Provencio I, Skenen DJ, Brainard GC. 2014. Measuring 

and using light in the melanopsin age. Trends Neurosci 37:1–9. 
https://doi.org/10.1016/j.tins.2013.10.004. 

	206.	Lunn RM, Blask DE, Coogan AN, Figueiro MG, Gorman MR, 
Hall JE, Hansen J, Nelson RJ, Panda S, Smolensky MH, Stevens 
RG, Turek FW, Vermeulen R, Carreòn T, Caruso CC, Lawson CC, 
Thayer KA, Twery MJ, Ewens AD, Garner SC, Schwingl PJ, Boyd 
WA. 2017. Health consequences of electric lighting practices in the 
modern world: A report on the National Toxicology Program’s 
workshop on shift work at night, artificial light at night, and cir-
cadian disruption. Sci Total Environ 607-608:1073–1084. https://
doi.org/10.1016/j.scitotenv.2017.07.056. 

	207.	Lupi D, Oster H, Thompson S, Foster RG. 2008. The acute light-
induction of sleep I mediated by OPN4-based photoreception. Nat 
Neurosci 11:1068–1073. https://doi.org/10.1038/nn.2179. 

	208.	Lynch HJ, Rivest RW, Ronsheim PM, Wurtman RJ. 1981. Light 
intensity and the control of melatonin secretion in rats. Neuroen-
docrinology 33:181–185. https://doi.org/10.1159/000123226. 

	209.	Maestroni GJ. 1995. T-helper-2 lymphocytes: A peripheral target of 
melatonin. J Pineal Res 18:84–89. https://doi.org/10.1111/j.1600-
079X.1995.tb00144.x. 

	210.	Maestroni GJM, Conti A, Pierpaoli W. 1986. Role of the pineal 
gland in immunity: Circadian synthesis and release of melatonin 
modulates the antibody response and antagonizes the immuno-
suppressive effect of corticosterone. J Neuroimmunol 13:19–30. 
https://doi.org/10.1016/0165-5728(86)90047-0. 

	211.	 Mahoney MM. 2010. Shift work, jet lag, and female reproduc-
tion. Int J Endocrinol 2010:1–9. https://doi.org/10.1155/2010/ 
813764. 

	212.	Mao L, Yuan L, Slakey LM, Jones FE, Burow ME, Hill SM. 2010. 
Inhibition of breast cancer cell invasion by melatonin is mediated 
through regulation of the p38 mitogen-activated protein kinase 
signaling pathway. Breast Cancer Res 12:R107. https://doi.
org/10.1186/bcr2794. PubMed

	213.	Marpegan L, Leone MJ, Katz ME, Sobrero PM, Bekinstein TA, 
Golombek DA. 2009. Diurnal variation in endotoxic-induced mor-
tality in mice: Correlation with proinflammatory factors. Chronobiol 
Int 26:1430–1442. https://doi.org/10.3109/07420520903408358. 

	214.	Martynhak BJ, Hogben AL, Zanos P, Georgiou P, Andreatini R, 
Kitchen I, Archer SN, von Schanz M, Bailey A, van der Veen DR. 
2017. Transient anhedonia phenotype and altered circadian timing 
of behavior during night-time dim light exposure in Per3−/− mice, 
but not wildtype mice. Sci Rep 7:40399. https://doi.org/10.1038/
srep40399. 

	215.	Masuda L, Zhadanova IV. 2010. Intrinsic activity rhythms 
in Macaca mulatta: Their entrainment to light and melatonin.  
J Biol Rhythms 25:361–371. https://doi.org/10.1177/07487304 
10379382. 

	216.	Mawad K, Van Gelder RN. 2008. Absence of long-wavelength 
photic potentiation of murine intrinsically photosensitive retinal 
ganglion cell firing in vitro. J Biol Rhythms 23:387–391. https://
doi.org/10.1177/0748730408323063. 

	217.	Mazzoccoli G, Pazienza V, Vinciguerra M. 2012. Clock genes and 
clock-controlled genes in the regulation of metabolic rhythms. 
Chronobiol Int 29:227–251. https://doi.org/10.3109/07420528.2
012.658127. 

	218.	McGuire RA, Rand WM, Wurtman RJ. 1973. Entrainment of the 
body temperature rhythm in rats: Effect of color and intensity 
of environmental light. Science 181:956–957. https://doi.
org/10.1126/science.181.4103.956. 

	219.	Melyan Z, Tarttelin EE, Bellingham J, Lucas RJ, Hankins MW. 
2005. Addition of human melanopsin renders mammalian cells 
photoresponsive. Nature 433:741–745. https://doi.org/10.1038/
nature03344. 

	220.	Menaker M. 1976. Physiological and biochemical aspects of cir-
cadian rhythms. Fed Proc 35:2325–2357. 

	221.	Minneman KP, Lynch H, Wurtman RJ. 1974. Relationship between 
environmental light intensity and retina-mediated suppression 
of rat pineal serotonin-N-acetyltransferase. Life Sci 15:1791–1796. 
https://doi.org/10.1016/0024-3205(74)90180-5. 

	222.	Molis TM, Spriggs LL, Hill SM. 1994. Modulation of estrogen 
receptor mRNA expression by melatonin in MCF-7 human breast 
cancer cells. Mol Endocrinol 8:1681–1690. 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



22

Vol 62, No 1
Journal of the American Association for Laboratory Animal Science
January 2023

	223.	Moore RY, Lenn NJ. 1972. A retinohypothalamic projection 
in the rat. J Comp Neurol 146:1–14. https://doi.org/10.1002/
cne.901460102. 

	224.	Moore AF, Menaker M. 2011. The effect of light on melatonin 
secretion in the cultured pineal glands of Anolis lizards. Comp 
Biochem Physiol A Mol Integr Physiol 160:301–308. https://doi.
org/10.1016/j.cbpa.2011.06.027. 

	225.	Moore HA, Whitmore D. 2014. Circadian rhythmicity and light 
sensitivity of the zebrafish brain. PLoS One 9:e86176. https://doi.
org/10.1371/journal.pone.0086176. 

	226.	Muindi F, Zeitzer JM, Colas D, Heller HC. 2013. The acute effects 
of light on murine sleep during the dark phase: Importance of 
melanopsin for maintenance of light-induced sleep. Eur J Neurosci 
37:1727–1736. https://doi.org/10.1111/ejn.12189. 

	227.	Mure LS, Cornut P-L, Rieux C, Hattar S, Cooper HM. 2009. 
Melanopsin bistability: A fly’s eye technology in the human retina. 
PLoS One 4:e5991. https://doi.org/10.1371/journal.pone.0005991. 

	228.	Mure LS, Rieux C, Hattar S, Cooper HM. 2007. Melanopsin-
dependent nonvisual responses: evidence for photopigment 
bistability in vivo. J Biol Rhythms 22:411–424. https://doi.
org/10.1177/0748730407306043. 

	229.	Murphy BA. 2010. Chronobiology and the horse: Recent rev-
elations and future directions. Vet J 185:105–114. https://doi.
org/10.1016/j.tvjl.2009.04.013. 

	230.	Murphy BA. 2019. Circadian and circannual regulation in the 
horse: Internal timing in an elite athlete. J Equine Vet Sci 76:14–24. 
https://doi.org/10.1016/j.jevs.2019.02.026. 

	231.	Myers MP, Smith K, Rothenfluh-Hilfiker A, Young MW. 1996. 
Light-induced degradation of TIMELESS and entrainment of the 
Drosophila circadian clock. Science 271:1736–1740. https://doi.
org/10.1126/science.271.5256.1736. 

	232.	National Institutes of Health Design Requirements Manual. 
[Internet]. 2016. Issuance Notice 12/12/16., Rev 1.0:02/13/2018. 
[Cited 21 June 2022]. Available at: https://wbdg.org/FFC/NIH/
nih_design_requirements_rev_1.5_2020.pdf.

	233.	Nelson DL, Cox NM. 2005. Hormonal regulation of food metabo-
lism, p 881–992. In: Lehninger AL, Nelson DL, Cox MM, editors. 
Lehninger principles of biochemistry. New York (NY): WH Freeman.

	234.	Nelson RJ, Zucker I. 1981. Photoperiodic control of reproduction 
in olfactory-bulbectomized rats. Neuroendocrinology 32:266–271. 
https://doi.org/10.1159/000123171. 

	235.	Neufield Department of Clinical Neurosciences Medical Sciences 
Division. [Internet]. 2016. Rodent toolbox v1.xlsx. [Cited 24 
February 2016]. Available at: http://www.eye.ox.ac.uk/team/
principal-investigators/stuart-peirson

	236.	Ohta H, Yamazaki S, McMahon DG. 2005. Constant light desyn-
chronizes mammalian clock neurons. Nat Neurosci 8:267–269. 
https://doi.org/10.1038/nn1395. 

	237.	Ono H, Nakao N, Yoshimura T. 2009. Identification of the photo-
periodic signaling pathway regulating seasonal reproduction using 
functional genomics approach. Gen Comp Endocrinol 163:2–6. 
https://doi.org/10.1016/j.ygcen.2008.11.017. 

	238.	O’Steen WK. 1980. Hormonal influences in retinal photodamage, 
p 29–49. In: Williams TP, Baker BN, editors. The effects of constant 
light on visual processes. New York (NY): Plenum Press. https://
doi.org/10.1007/978-1-4684-7257-8_2

	239.	O’Steen WK, Anderson KV. 1972. Photoreceptor degeneration 
after exposure of rats to incandescent illumination. Z Zellforsch 
Mikrosk Anat 127:306–313. https://doi.org/10.1007/BF00306875. 

	240.	Panda S, Nayak SK, Campo B, Walker JR, Hogenesch JB, Jegla 
T. 2005. Illumination of melanopsin signaling pathway. Science 
307:600–604. https://doi.org/10.1126/science.1105121. 

	241.	Panda S, Provencio I, Tu DC, Pires SS, Rollag MD, Castrucci 
AM, Sato TK, Wiltshire T, Andahazy M, Kay SA, Van Gelder 
RN, Hogenesch JB. 2003. Melanopsin is required for non-image-
forming photic responses in blind mice. Science 301:525–527. 
https://doi.org/10.1126/science.1086179. 

	242.	Panda S, Sato TK, Castrucci AM, Rollag MD , DeGrip WJ, 
Hogenesch JB, Provencio I, Kay SA. 2002. Melanopsin  
(Opn4) requirement for normal light-induced circadian phase-
shifting. Science 298:2213–2216. https://doi.org/10.1126/science. 
1076848. 

	243.	Partch CL, Green CB, Takahashi JS. 2014. Molecular architecture of 
the mammalian circadian clock. Trends Cell Biol 24:90–99. https://
doi.org/10.1016/j.tcb.2013.07.002. 

	244.	Pattison PM, Tsao JY, Brainard GC, Bugbee B. 2018. LEDs for 
photons, physiology, and food. Nature 563:493–500. https://doi.
org/10.1038/s41586-018-0706-x. 

	245.	Paulose JK, Cassone VM. 2016. The melatonin-sensitive 
circadian clock of the enteric bacterium Enterobacter aerogenes. 
Gut Microbes 7:424–427. https://doi.org/10.1080/19490976.2016. 
1208892. 

	246.	Peirson SN, Brown LA, Pothecary CA, Benson LA, Fisk AS. 2018. 
Light and the laboratory mouse. J Neurosci Methods 300:26–36. 
https://doi.org/10.1016/j.jneumeth.2017.04.007. 

	247.	Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avery MT, Baker 
M, Browne WJ, Clark A, Cuthill IC, Dirnagl U, Emerson M, 
Garner P, Holgate ST, Howells DW, Karp NA, Lazic SE, Lidster 
K, MacCallum CJ, Macleod M, Pearl EJ, Petersen OH, Rawle 
F, Reynold P, Rooney K, Sena ES, Silberberg SD, Steckler T, 
Würbel H. 2020. The ARRIVE guidelines 2.0: Updated guidelines 
for reporting animal research. J Physiol 598:3793–3801. https://
doi.org/10.1113/JP280389. 

	248.	Piccione G, Caola G, Reffinetti R. 2007. Annual rhythmicity 
and maturation of physiological parameters in goats. Res Vet Sci 
83:239–243. https://doi.org/10.1016/j.rvsc.2006.11.010. 

	249.	Piccione G, Giannetto C, Fazio F, Giudice E. 2010. Influence of 
different artificial lighting regimes on intraocular pressure circa-
dian profile in the dog (Canis familiaris). Exp Anim 59:215–223. 
https://doi.org/10.1538/expanim.59.215. 

	250.	Pilorz V, Tam SK, Hughes S, Pothecary CA, Jagannath A, Hankins 
MW, Bannerman DM, Lightman SL, Vyazovskiy VV, Nolan PM. 
2016. Melanopsin regulates both sleep-promoting and arousal-
promoting responses to light. PLoS Biol 14:e1002482. https://doi.
org/10.1371/journal.pbio.1002482. 

	251.	Pittendrigh CS. 1965. On the mechanism of the entrainment of a 
circadian rhythm by light cycles. In: Aschoff J, editor. Circadian 
clocks. Amsterdam (the Netherlands): Elsevier.

	252.	Pittendrigh CS. 1967. Circadian systems. I. The driving oscillation 
and its assay in Drosophila pseudoobscura. Proc Natl Acad Sci USA 
58:1762–1767. https://doi.org/10.1073/pnas.58.4.1762. 

	253.	Pittendrigh CS, Caldarola PC. 1973. General homeostasis of 
the frequency of circadian oscillations. Proc Natl Acad Sci USA 
70:2697–2701. https://doi.org/10.1073/pnas.70.9.2697. 

	254.	Pittendrigh CS, Daan S. 1976. A functional analysis of circadian 
pacemakers in nocturnal rodents. J Comp Physiol 106:223–252. 
https://doi.org/10.1007/BF01417856.

	255.	Podolin PL, Rollag MD, Brainard GC. 1987. The suppression of 
nocturnal pineal melatonin in the Syrian hamster: Dose-response 
curves at 500 nm and 360 nm. Endocrinology 121:266–270. https://
doi.org/10.1210/endo-121-1-266. 

	256.	Pong M, Fuchs AF. 2000. Characteristics of the pupillary light 
reflex in macaque monkeys: Metrics. J Neurophysiol 84:953–963. 
https://doi.org/10.1152/jn.2000.84.2.953. 

	257.	 Provencio I, Foster RG. 1995. Circadian rhythms in mice can 
be regulated by photoreceptors with cone-like characteristics. 
Brain Res 694:183–190. https://doi.org/10.1016/0006-8993(95) 
00694-L. 

	258.	 Provencio I, Jiang G, De Grip WJ, Hayes WP, Rollag MD. 
1998. Melanopsin: An opsin in melanophores, brain, and eye. 
Proc Natl Acad Sci USA 95:340–345. https://doi.org/10.1073/
pnas.95.1.340. 

	259.	Radzialowski FM, Bousquet WF. 1968. Daily rhythmic variation 
in hepatic drug metabolism in the rat and mouse. J Pharmacol Exp 
Ther 163:229–238. 

	260.	Rahman SA, Kollara A, Brown TJ, Casper RF. 2008. Selectively 
filtering short wavelengths attenuates the disruptive effects of noc-
turnal light on endocrine and molecular circadian phase markers 
in rats. Endocrinology 149:6125–6135. https://doi.org/10.1210/
en.2007-1742. 

	261.	Ram PT, Kiefer T, Silverman M, Son Y, Brown GM, Hill SM. 
1998. Estrogen receptor transactivation in MCF-7 breast cancer cells 
by melatonin and growth factors. Mol Cell Endocrinol 141:53–64. 
https://doi.org/10.1016/S0303-7207(98)00095-1. 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



23

Vivarium lighting as an extrinsic factor

	262.	Rao GN. 1991. Light intensity-associated eye lesions of Fischer 
344 rats in long term studies. Toxicol Pathol 19:148–155. https://
doi.org/10.1177/019262339101900209. 

	263.	Refinetti R. 2003. Effects of prolonged exposure to darkness on 
circadian photic responsiveness in the mouse. Chronobiol Int 
20:417–440. https://doi.org/10.1081/CBI-120021443. 

	264.	Refinetti R, Menaker M. 1992. The circadian rhythm of 
body temperature. Physiol Behav 51:613–637. https://doi.
org/10.1016/0031-9384(92)90188-8. 

	265.	Reiter RJ. 1973. Comparative effects of continual lighting and 
pinealectomy on the eyes, the Harderian glands, and reproduc-
tion in pigmented and albino rats. Comp Biochem Physiol A 
Comp Physiol 44:503–509. https://doi.org/10.1016/0300-9629(73) 
90503-3. 

	266.	Reiter RJ. 1991. Pineal melatonin: Cell biology of its synthesis and 
of its physiological interactions. Endocr Rev 12:151–180. https://
doi.org/10.1210/edrv-12-2-151. 

	267.	Reiter RJ. 1991. Pineal gland: Interface between photoperiodic 
environment and the endocrine system. Trends Endocrinol Metab 
2:13–19. https://doi.org/10.1016/1043-2760(91)90055-R. 

	268.	Reiter RJ. 2002. Potential biological consequences of excessive 
light exposure: Melatonin suppression, DNA damage, cancer, and 
neurodegenerative diseases. Neuroendocrinol Lett 23:9–13. 

	269.	Reiter RJ. 2009. Melatonin and reproduction revisited. Biol Reprod 
81:445–456. https://doi.org/10.1095/biolreprod.108.075655. 

	270.	Reiter RJ, Hoff RA. 1967. Adrenal cytogenesis in the adult male 
golden hamster. A radiographic study using tritiated-thymidine. 
J Anat 101:723–729. 

	271.	Reiter RJ, Paredes SD, Manchester LC, Tan DX. 2009. Reduc-
ing oxidative/nitrosative stress: A newly- discovered genre for 
melatonin. Crit Rev Biochem Mol Biol 44:175–200. https://doi.
org/10.1080/10409230903044914. 

	272.	Reiter RJ, Tan DX, Galano A. 2014. Melatonin: Exceeding 
expectations. Physiology 29:325–333. https://doi.org/10.1152/
physiol.00011.2014. 

	273.	Reiter RJ, Tan DX, Korkmaz A, Ma S. 2012. Obesity and metabolic 
syndrome: Association with chronodisruption, sleep deprivation, 
and melatonin suppression. Ann Med 44:564–577. https://doi.org/ 
10.3109/07853890.2011.586365. 

	274.	Reiter RJ, Sharma R, Rosales-Corral S. 2021. Anti-Warburg 
effect of melatonin: A proposed mechanism to explain its inhibi-
tion of multiple diseases. Int J Mol Sci 22:764–786. https://doi.
org/10.3390/ijms22020764. 

	275.	Reiter RJ, Tan DX, Korkanz A, Erren TC, Piekarski C, Tamura H, 
Manchester LC. 2007. Light at night, chronodisruption, melatonin 
suppression, and cancer risk: A review. Crit Rev Oncog 13:303–328. 
https://doi.org/10.1615/CritRevOncog.v13.i4.30. 

	276.	Richetto J, Polesel M, Weber-Stadlbauer U. 2019. Effects of 
light and dark phase testing on the investigation of behavioral 
paradigms in mice: Relevance for behavioural neuroscience. 
Pharmacol Biochem Behav 178:19–29. https://doi.org/10.1016/ 
j.pbb.2018.05.011. 

	277.	Rodieck RW. 1998. The first steps in seeing. Sunderland (MA): 
Sinauer Associates, Inc.

	278.	Rosbash M. 2021. Circadian rhythms and the transcriptional 
feedback loop (Nobel Lecture). Angew Chem Int Ed Engl 60: 
8650–8666. https://doi.org/10.1002/anie.202015199. 

	279.	Roseboom PH, Namboordiri MA, Zimonjic DB, Popescu NC, 
Rodriguez IR, Gastel JA, Klein DC. 1998. Natural melatonin 
“knockdown” in C57BL/6J mice: Rare mechanism truncates 
serotonin N-acetyltransferase. Brain Res Mol Brain Res 63:189–197. 
https://doi.org/10.1016/S0169-328X(98)00273-3. 

	280.	Rudic RD, McNamara P, Curtis A, Boston RC, Panda S, 
Hogenesch JB, FitzGerald GA. 2004. BMAL and CLOCK, 2 
essential components of the circadian clock, are involved in glucose 
homeostasis. PLoS Biol 2:e377. https://doi.org/10.1371/journal.
pbio.0020377. 

	281.	Russell WMS, Burch RL. 1959. The principles of humane 
experimental technique. London (UK): Methuen.

	282.	Saltarelli CG, Coppola CP. 1979. Influence of visible light on organ 
weights of mice. Lab Anim Sci 29:319–322. 

	283.	Sanders D, Kehoe R, Tiley K, Bennie J, Cruse D, Davies TW, 
van Veen FJF, Gaston KJ. 2015. Artificial nighttime light changes 
aphid-parasitoid population dynamics. Sci Rep 5:15232. https://
doi.org/10.1038/srep15232. 

	284.	Sato S, Solanas G, Peixoto FO, Bee L, Symeonidi A, Schmidt MS, 
Brenner C, Masri S, Benitah SA, Sassone-Corsi P. 2017. Circadian 
reprogramming in the liver identifies metabolic pathways of aging. 
Cell 170:664–677e11. https://doi.org/10.1016/j.cell.2017.07.042. 

	285.	Schäcke H, Döcke WD, Asadullah K. 2002. Mechanisms involved 
in the side effects of glucocorticoids. Pharmacol Ther 96:23–43. 
https://doi.org/10.1016/S0163-7258(02)00297-8. 

	286.	Scheiermann C, Kunisaki Y, Frenette PS. 2013. Circadian control 
of the immune system. Nat Rev Immunol 13:190–198. https://doi.
org/10.1038/nri3386. 

	287.	Schernhammer ES, Kroenke CH, Laden F, Hankinson SE. 2006. 
Night work and risk of breast cancer. Epidemiology 17:108–111. 
https://doi.org/10.1097/01.ede.0000190539.03500.c1. 

	288.	Schernhammer ES, Laden F, Speizer FE, Willet WC, Hunter DJ, 
Kawachi I, Fuchs CS, Coldit GA. 2003. Night-shift work and risk 
of colorectal cancer in the nurses’ health study. J Natl Cancer Inst 
95:825–828. https://doi.org/10.1093/jnci/95.11.825. 

	289.	Scheving LE, Pauly JE. 1966. Effect of light on corticosterone 
levels in plasma of rats. Am J Physiol 210:1112–1117. https://doi.
org/10.1152/ajplegacy.1966.210.5.1112. 

	290.	Schlingmann F, De Rijk SHLM, Pereboom WJ, Remie R. 1993a. 
Avoidance as a behavioral parameter in the determination of 
distress amongst albino and pigmented rats at various light in-
tensities. Anim Technol 44:87–107.

	291.	Schlingmann F, Pereboom W, Remie R. 1993b. The sensitivity to 
albino and pigmented rats to light. Anim Technol 44:71–85.

	292.	Schoech SJ, Bowman RR, Hahn TP, Goymann W, Schwabl I, 
Bridges ES. 2013. The effects of low levels of light at night upon 
the endocrine physiology of western scrub jays (Aphelocoma  
californica). J Exp Zool A Ecol Genet Physiol 319:527–538. https://
doi.org/10.1002/jez.1816. 

	293.	Scholtens RM, van Munster BC, van Kempen MF, de Rooij 
SE. 2016. Physiological melatonin levels in healthy older people: 
A systemic review. J Psychosom Res 86:20–27. https://doi.
org/10.1016/j.jpsychores.2016.05.005. 

	294.	Semple-Rowland SL, Dawson WW. 1987. Retinal cyclic light 
damage threshold for albino rats. Lab Anim Sci 37:289–298. 

	295.	Sepe A, Tchkonia T, Thomou T, Zamboni M, Kirkland JL. 2011. 
Aging and regional differences in fat cell progenitors—A mini 
review. Gerontology 57:66–75. https://doi.org/10.1159/000279755. 

	296.	Shafiei Sabet S, Van Dooren D, Slabbekoorn H. 2016. Son et 
lumière: Sound and light effects on spatial distribution and swim-
ming behavior in captive zebrafish. Environ Pollut 212:480–488. 
https://doi.org/10.1016/j.envpol.2016.02.046. 

	297.	Shamsi NA, Salkeld MD, Rattanatray L, Voultsios A, Varcoe 
TJ, Boden MJ, Kennaway DJ. 2014. Metabolic consequences of 
timed feeding in mice. Physiol Behav 128:188–201. https://doi.
org/10.1016/j.physbeh.2014.02.021. 

	298.	Shao E, Bai Q, Zhou Y, Burton EA. 2017. Quantitative responses 
of adult zebrafish to changes in ambient illumination. Zebrafish 
14:508–516. https://doi.org/10.1089/zeb.2017.1468. 

	299.	Shapiro C, Girdwood P. 1981. Protein synthesis in rat brain 
during sleep. Neuropharmacology 20:457–460. https://doi.org/ 
10.1016/0028-3908(81)90177-5. 

	300.	Sharma VK. 2003. Adaptive significance of circadian clocks. 
Chronobiol Int 20:901–919. https://doi.org/10.1081/CBI-
120026099. 

	301.	Sheeba V, Sharma VK, Chandrashekaran MK, Joshi A. 1999. 
Persistence of eclosion rhythm in Drosophila melanogaster after 600 
generations in an aperiodic environment. Naturwissenschaften 
86:448–449. https://doi.org/10.1007/s001140050651. 

	302.	Shigeyoshi Y, Taguchi K, Yamamoto S, Takekida S, Yan L, Tei 
H. 1997. Light-induced resetting of a mammalian circadian clock 
is associated with rapid induction of the mPer1 transcript. Cell 
91:1043–1053. https://doi.org/10.1016/S0092-8674(00)80494-8. 

	303.	Shimizu T, Hirai Y, Murayama C, Miyamoto A, Miyazaki H, 
Miyazaki K. 2011. Circadian clock genes Per2 and clock regulate 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



24

Vol 62, No 1
Journal of the American Association for Laboratory Animal Science
January 2023

steroid production, cell proliferation, and luteinizing hormone 
receptor transcription in ovarian granulosa cells. Biochem 
Biophys Res Commun 412:132–135. https://doi.org/10.1016/ 
j.bbrc.2011.07.058. 

	304.	Shimomura K, Menaker M. 1994. Light-induced phase shifts in 
tau mutant hamsters. J Biol Rhythms 9:97–110. https://doi.org/1
0.1177/074873049400900201. 

	305.	Shuboni D, Yan L. 2010. Nighttime dim light exposure alters the 
response of the circadian system. Neuroscience 170:1172–1178. 
https://doi.org/10.1016/j.neuroscience.2010.08.009. 

	306.	Sigurgeirsson B, Thornorsteinsson H, Sigmundsdóttir S, Lieder 
R, Sveinsdóttir HS, Sigurjónsson ÓE, Halldórsson B, Karlsson 
K. 2013. Sleep-wake dynamics under extended light and extended 
dark conditions in adult zebrafish. Behav Brain Res 256:377–390. 
https://doi.org/10.1016/j.bbr.2013.08.032. 

	307.	Silva MM, Albuquerque AM, Araujo JF. 2005. Light–dark cycle 
synchronization of circadian rhythm in blind primates. J Circadian 
Rhythms 3:10–15. https://doi.org/10.1186/1740-3391-3-10. 

	308.	Snyder SH, Zweig M, Axelrod M, Fischer JE. 1965. Control of 
the circadian rhythm in serotonin content of the rat pineal gland. 
Proc Natl Acad Sci USA 53:301–305. https://doi.org/10.1073/
pnas.53.2.301. 

	309.	Somers DE, Devlin PF, Kay SA. 1998. Phytochromes and 
crytochromes in the entrainment of the Arabidopsis circa-
dian clock. Science 282:1488–1490. https://doi.org/10.1126/
science.282.5393.1488. 

	310.	 Special Issue. 1994. The biology of ultraviolet reception. Vision Res 
34:1359–1540.

	311.	Spiegel K, Tasali E, Leproult R, Van Cauter E. 2009. Effects of  
poor  and short sleep on glucose metabolism and obesity risk. 
Nat Rev Endocrinol 5:253–261. https://doi.org/10.1038/nrendo. 
2009.23. 

	312.	Spoelstra K, Wikelski M, Daan S, Loudon A, Hau M. 2016. 
Natural selection against a circadian clock gene mutation in mice. 
Proc Natl Acad Sci USA 113:686–691. https://doi.org/10.1073/
pnas.1516442113. 

	313.	Steel GG, Lamerton LF. 1965. The turnover of tritium from 
thymidine in tissues of the rat. Exp Cell Res 37:117–131. https://
doi.org/10.1016/0014-4827(65)90162-X. 

	314.	Sletten TL, Revell VL, Middleton B, Lederle KA, Skene DJ. 2009. 
Age-related changes in acute and phase-advancing responses 
to monochromatic light. J Biol Rhythms 24:73–84. https://doi.
org/10.1177/0748730408328973. 

	315.	Stephan FK. 1983. Circadian rhythms in the rat: Constant darkness, 
entrainment to T cycles and to skeleton photoperiods. Physiol 
Behav 30:451–462. https://doi.org/10.1016/0031-9384(83) 
90152-X. 

	316.	Stevens RG, Davis S, Thomas DB, Anderson LE, Wilson BW. 
1992. Electric power, pineal function, and the risk of breast cancer. 
FASEB J 6:853–860. https://doi.org/10.1096/fasebj.6.3.1740235. 

	317.	Stothard ER, McHill AW, Depner CM, Birks BR, Moehlman TM, 
Ritchie HK, Guzzetti JR, Chinoy ED, LeBourgeois MK, Axels-
son J, Wright KP Jr. 2017. Circadian entrainment to the natural 
light dark cycle across the seasons and the weekend. Curr Biol 
27:508–513. https://doi.org/10.1016/j.cub.2016.12.041. 

	318.	Takahashi JS. 2016. Molecular architecture of the circadian clock 
in mammals, p 13–24. In: Sassone-Corsi P, Christen Y, editors. A 
time for metabolism and hormones. Cham, Switzerland: Springer. 
https://doi.org/10.1007/978-3-319-27069-2_2.

	319.	Takahashi JS, DeCoursey PJ, Bauman L, Menaker M. 1984. 
Spectral sensitivity of a novel photoreceptive system mediating 
entrainment of mammalian circadian rhythms. Nature 308:186–
188. https://doi.org/10.1038/308186a0. 

	320.	Tähkämö L, Partonen T, Pesonen AK. 2019. Systematic review of 
light exposure impact on human circadian rhythm. Chronobiol Int 
36:151–170. https://doi.org/10.1080/07420528.2018.1527773. 

	321.	Takeo Y. 1984. Influence of continuous illumination on estrus cycle 
in rats: Time course of changes in levels of gonadotropins and 
ovarian steroids until occurrence of persistent estrus. Neuroen-
docrinology 39:97–104. https://doi.org/10.1159/000123964. 

	322.	Takita E, Yokota S, Tahara Y, Hirao A, Nakamura Y, Nakao A, 
Shibata S. 2013. Biological clock dysfunction exacerbates contact 

hypersensitivity in mice. Br J Dermatol 168:39–46. https://doi.
org/10.1111/j.1365-2133.2012.11176.x. 

	323.	Tan DX, Reiter RJ, Manchester LC, Yan MT, El-Sawi M, 
Sainz RM, Mayo JC, Kohen R, Allegra M, Hardeland R. 2002. 
Chemical  and  physical properties and potential mechanisms:  
Melatonin as a broad spectrum antioxidant and free radical  
scavenger. Curr Top Med Chem 2:181–197. https://doi.org/ 
10.2174/1568026023394443. 

	324.	Tam SKE, Hasan S, Hughes S, Hankins MW, Foster RG, 
Bannerman DM, Peirson SN. 12016. Modulation of recognition 
memory performance by light requires both melanopsin and clas-
sical photoreceptors. Proc Biol Sci 283:20162275. https://doi.org/ 
10.1098/rspb.2016.2275. 

	325.	Tei H, Okamura H, Shigeyoshi Y, Fukuhara C, Ozawa R, Hirose 
M, Sakaki Y. 1997. Circadian oscillation of a mammalian homo-
logue of the Drosophila period gene. Nature 389:512–516. https://
doi.org/10.1038/39086. 

	326.	Templeman NM, Flibotte S, Chik JHL, Sinha S, Lim GE, Foster 
LJ, Nislow C, Johnson JD. 2017. Reduced circulating insulin 
enhances insulin sensitivity in old mice and extends lifespan. Cell 
Rep 20:451–463. https://doi.org/10.1016/j.celrep.2017.06.048. 

	327.	Thapan K, Arendt J, Skene DJ. 2001. An action spectrum for 
melatonin suppression: Evidence for a novel non-rod, non-cone 
photoreceptor system in humans. J Physiol 535:261–267. https://
doi.org/10.1111/j.1469-7793.2001.t01-1-00261.x. 

	328.	Thorington L. 1985. Spectral, irradiance, and temporal aspects of 
natural and artificial light. Ann N Y Acad Sci 453:28–54. https://
doi.org/10.1111/j.1749-6632.1985.tb11796.x. 

	329.	Toklu H, Deniz M, Yuksel M, Keyer-Uysal M, Sener G. 2009. 
The protective effect of melatonin and amlodipine against cerebral 
ischemia-reperfusion-induced oxidative brain injury in rats. 
Marmara Med J 22:34–44.

	330.	Tokura H, Aschoff J. 1979. Circadian rhythms of locomotor activity 
in the squirrel monkey, Saimiri sciureus, under conditions of self-
controlled light–dark cycles. Jpn J Physiol 29:151–157. https://doi.
org/10.2170/jjphysiol.29.151. 

	331.	Torres-Farfan C, Richter HG, Rojas-García P, Vergara M, 
Forcelledo ML, Valladares LE, Torrealba F, Valenzuela GJ, 
Serón-Ferré M. 2003. Melatonin receptor in the primate adrenal 
gland: Inhibition of adrenocorticotropin-stimulated cortisol by 
melatonin. J Clin Endocrinol Metab 88:450–458. https://doi.org/ 
10.1210/jc.2002-021048. 

	332.	Turner RT, Philbrick KA, Kuah A, Branscu AJ, Iwaniec UT. 2017.  
Role of estrogen receptor signaling in skeletal response to leptin 
in female ob/ob mice. J Endocrinol 233:357–367. https://doi.
org/10.1530/JOE-17-0103. 

	333.	US Department of Energy. [Internet]. 2016. MS-SSLC 2016 The 
Light Post -Official MSSLC e-Newsletter. June. [Cited 09 June 2019]. 
Available at: https://www.energy.gov/sites/prod/files/2016/06/
f32/postings_06-21-16.pdf.

	334.	Van Cauter E. 1998. Putative roles of melatonin in glucose regula-
tion. Therapie 53:467–472. 

	335.	Van der Maren S, Moderie C, Duclos C, Paquet J, Daneault V, 
Dumont M. 2018. Daily profiles of light exposure and evening 
use of light-emitting devices in young adults complaining of 
delayed sleep schedule. J Biol Rhythms 33:192–202. https://doi.
org/10.1177/0748730418757007. 

	336.	Van Geffen KG, Groot AT, Van Grunsven RHA, Donners M, Ber-
endse F, Veenendaal EM. 2015. Artificial night lighting disrupts sex 
pheromone in a noctuid moth. Ecol Entomol 40:401–408. https://
doi.org/10.1111/een.12202.

	337.	van Oosterhout F, Fisher SP, van Diepen HC, Watson TS, Houben 
T, VanderLeest HT, Thompson S, Peirson SN, Foster RG, Meijer 
JH. 2012. Ultraviolet light provides a major input to non-image-
forming light detection in mice. Curr Biol 22:1397–1402. https://
doi.org/10.1016/j.cub.2012.05.032. 

	338.	Vitaterna MH, Takahashi JS, Turek FW. 2001. Overview of 
circadian rhythms. Alcohol Res Health 25:85–93. 

	339.	Vivien-Roels B, Malan A, Rettori MC, Delagrange P, Jeanniot JP, 
Pevet P. 1998. Daily variations in pineal melatonin in inbred and 
outbred mice. J Biol Rhythms 13:403–409. https://doi.org/10.1177/ 
074873098129000228. 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



25

Vivarium lighting as an extrinsic factor

	340.	Vojdani A. 2014. a potential link between environmental triggers 
and autoimmunity. Autoimmune Dis 2014:1–18. https://doi.
org/10.1155/2014/437231. 

	341.	Vollrath L, Huesgen A, Manz B, Pollow K. 1988. Day/night 
serotonin levels in the pineal gland of male BALB/c mice with 
melatonin deficiency. Acta Endocrinol (Copenh) 117:93–98. 
https://doi.org/10.1530/acta.0.1170093. 

	342.	Von Gall C, Lewy A, Schomerus C, Vivien-Roels B, Pevet 
P, Korf HW, Stehle JH. 2000. Transcription factor dynamics 
and neuroendocrine signaling in the mouse pineal gland: A 
comparative analysis of melatonin-deficient C57BL mice and 
melatonin-proficient C3H mice. Eur J Neurosci 12:964–972. 
https://doi.org/10.1046/j.1460-9568.2000.00990.x. 

	343.	Voros GB, Dauchy RT, Myers L, Hill SM, Blask DE, Dobeck GD. 
2021. Impact of daytime blue-enriched LED light on physiologic 
parameters of three common mouse strains maintained on an 
IVC system. J Am Assoc Lab Anim Sci 60:259–271. https://doi.
org/10.30802/AALAS-JAALAS-20-000109. 

	344.	Vriend J, Lauber JK. 1973. Effects of light intensity, wavelength and 
quanta on gonads and spleen of the deer mouse. Nature 244:37–38. 
https://doi.org/10.1038/244037a0. 

	345.	Wake DB, Koo MS. 2018. Amphibians. Curr Biol 28:R1237–R1241. 
https://doi.org/10.1016/j.cub.2018.09.028. 

	346.	Wax TM. 1977. Effects of age, strain, and illumination intensity 
on activity and self-selection activity of light–dark schedules in 
mice. J Comp Physiol Psychol 91:51–62. https://doi.org/10.1037/
h0078071. 

	347.	Weaver R. 2011. Effects of stimulated moonlight on activity in 
the desert nightsnake (Hypsiglena chlorophaea). Northwest Sci 
85:497–500. https://doi.org/10.3955/046.085.0308.

	348.	Weger BD, Sahinbas M, Otto GW, Mracek P, Armant O, Dolle 
D, Lahiri K, Vallone D, Ettwiller L, Geisler R, Foulkes NS, 
Dickmeis T. 2011. The light responsive transcriptome of the 
zebrafish: Function and regulation. PLoS One 6:e17080. https://
doi.org/10.1371/journal.pone.0017080. 

	349.	Wellen KE, Hotamisligil GS. 2005. Inflammation, stress, and 
diabetes. J Clin Invest 115:1111–1119. https://doi.org/10.1172/
JCI25102. 

	350.	Weng S, Estevez ME, Berson DM. 2013. Mouse ganglion-cell 
photoreceptors are driven by the most sensitive rod pathway 
and by both types of cones. PLoS One 8:e66480. https://doi.
org/10.1371/journal.pone.0066480. 

	351.	Wetterberg L, editor. 1993. Light and biological rhythms in man. 
Stockholm: Pergamon Press.

	352.	Wiggins G, Legge M. 2016. Cyclic variation of cellular clock 
proteins in the mouse estrous ovary. J Reprod Infertil 17:192–198. 

	353.	Wikelski M, Kays RW, Kasdin NJ, Thorup K, Smith JA, Swenson 
GW Jr. 2007. Going wild: What a global small-animal packing sys-
tem could do for experimental biologists. J Exp Biol 210:181–186. 
https://doi.org/10.1242/jeb.02629. 

	354.	Wilson AL, Downs CT. 2015. Light interference and melatonin 
affects digestion and glucocorticoid metabolites in striped mouse. 
Biol Rhythm Res 46:929–939. https://doi.org/10.1080/09291016.
2015.1066546.

	355.	Wolden-Hanson T. 2010. Body composition and aging, p 64–83. 
In: Mobbs CV, Hof PR, editors. Interdisciplinary Topics in 
Gerontolology and Geriatrics, vol 37. New York (NY): Karger. 
https://doi.org/10.1159/000319995.

	356.	Wolden-Hanson T, Mitton DR, McCants RL, Yellon SM, Wilkin-
son CW, Matsumoto AM, Rasmussen DD. 2000. Daily melatonin 
administration to middle-aged rats suppresses body weight, 
intraabdominal adiposity, plasma leptin, and insulin independ-
ent of food intake and total body fat. Endocrinology 141:487–497. 
https://doi.org/10.1210/endo.141.2.7311. 

	357.	World Health Organization. 2010. International Agency for 
Research on Cancer (IARC) Monographs on the evaluation of 
carcinogenic risks to humans: Painting, firefighting, and shiftwork. 
Lyon, France: International Agency for Research on Cancer.

	358.	Wren MA, Dauchy RT, Hanifin JP, Jablonski MR, Warfield B, 
Brainard GC, Blask DE, Hill SH, Ooms TG, Bohm RP. 2014. Effect 
of different spectral transmittances through tinted animal cages 
on circadian metabolism and physiology in Sprague-Dawley rats. 
J Am Assoc Lab Anim Sci 53:44–51. 

	359.	Wren-Dail MA, Dauchy RT, Ooms TG, Baker KC, Blask DE, Hill 
SH, Dupepe LM, Bohm RP Jr. 2016. Effects of colored enrichment 
devices on circadian metabolism and physiology in male Sprague–
Dawley rats. Comp Med 66:384–391. 

	360.	Wright KP, McHill AW, Birks R, Griffin BR, Rusterholz TR, 
Chinoy ED. 2013. Entrainment of the human circadian clock to 
the natural light–dark cycle. Curr Biol 23:1554–1558. https://doi.
org/10.1016/j.cub.2013.06.039. 

	361.	 Xie D, Wang ZX, Dong YL, Cao J, Wang JF, Chen JL, Chen YX. 2008. 
Effects of monochromatic light on immune response of broilers. 
Poult Sci 87:1535–1539. https://doi.org/10.3382/ps.2007-00317. 

	362.	Xu G, Yang T, Shen H. 2019. Effect of circadian clock and 
light–dark cycles in Onchidium reevesii: Possible implications for 
long-term memory. Genes (Basel) 10:488. https://doi.org/10.3390/
genes10070488. 

	363.	Yamashita H, Hoenerhoff MJ, Peddada SD, Sills RC, Pandiri 
AR. 2016. Chemical exacerbation of light-induced retinal degen-
eration in F344/N rats in National Toxicology Program rodent 
bioassays. Toxicol Pathol 44:892–903. https://doi.org/10.1177/ 
0192623316650050. 

	364.	Yang X, Downes M, Yu RT, Bookout AL, He W, Straume M, 
Mangelsdorf DJ, Evans RM. 2006. Nuclear receptor expression 
links the circadian clock to metabolism. Cell 126:801–810. https://
doi.org/10.1016/j.cell.2006.06.050. 

	365.	Yasukouchi A, Yasukouchi Y, Isibashi K. 2000. Effects of color 
temperature of fluorescent lamps on body temperature regula-
tion in a moderately cold environment. J Physiol Anthropol Appl 
Human Sci 19:125–134. https://doi.org/10.2114/jpa.19.125. 

	366.	Yoshimura T, Ebihara S. 1996. Spectral sensitivity of photore-
ceptors mediating phase shifts of circadian rhythms in retinally 
degenerate CBA/J (rd/rd) and normal CBA/N (+/+) mice. J Comp 
Physiol A 178:797–802. https://doi.org/10.1007/BF00225828. 

	367.	Young MW. 2005. Circadian rhythms. Preface. Methods Enzymol 
393:xvii–xviii. https://doi.org/10.1016/s0076-6879(05)93048-6. 

	368.	Zawal A, Bañkowska A, Nowak A. 2018. Influence of temperature 
and light–dark cycle on hatching of Eylais extendens. Exp Appl 
Acarol 74:283–289. https://doi.org/10.1007/s10493-018-0238-y. 

	369.	Zhdanova IV. 2011. Sleep and its regulation in zebrafish. Rev 
Neurosci 22:27–36. https://doi.org/10.1515/rns.2011.005. 

	370.	Zhdanova IV, Masuda K, Quasarano-Kourkoulis C, Rosene DL, 
Killiany RJ, Wang S. 2011. Aging of intrinsic circadian rhythms 
and sleep in a diurnal nonhuman primate, Macaca mulatta. J Biol 
Rhythms 26:149–159. https://doi.org/10.1177/0748730410395849. 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25


